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A B S T R A C T   

Halide perovskites are exciting candidates for broad-spectrum photocatalysts but have the problem of ambient 
stability. Protective shells of oxides and polymers around halide perovskite nano- and micro-crystals provide a 
measure of chemical and photochemical resilience but the photocatalytic performance of perovskites is 
compromised due to low electron mobility in amorphous oxide or polymer shells and rapid charge carrier 
recombination on the surface. Herein an in situ surface passivation and stabilization of CsPbBr3 nanocrystals was 
achieved using monolayered graphenic carbon nitride (CNM). Extensive characterization of carbon nitride 
protected CsPbBr3 nanocrystals (CNMBr) indicated spherical CsPbBr3 nanoparticles encased in a few nm thick g- 
C3N4 sheets facilitating better charge separation via percolation/tunneling of charges on conductive 2D nano-
sheets. The CNMBr core-shell nanocrystals demonstrated enhanced photoelectrochemical water splitting per-
formance and photocurrent reaching up to 1.55 mA cm− 2. The CNMBr catalyst was successfully deployed for CO2 
photoreduction giving carbon monoxide and methane as the reaction products.   

1. Introduction 

Nature has its own cycle to curb the rising CO2 level by means of 
photosynthesis and mineralization processes [1,2]. However, due to 
unchecked exploitation of non-renewable fossil fuels and deforestation, 
the atmospheric CO2 level has ascended to levels (416 ppm in 2020) that 
need immediate measures to mitigate drastic environmental and climate 
impacts [3–5]. Consequently, the inexhaustible solar energy resource is 
being increasingly viewed as a means to supplant the planet’s reliance 
on fossil fuels. Therefore, solar energy harvesting through processes 
such as photocatalytic CO2 reduction to hydrocarbon fuels, photo-
electrochemical electrolyzers, photocatalytic hydrogen generation 
through water-splitting and photovoltaic electricity generation are the 
focus of intense research attention [6,7]. Of all the aforementioned 
technologies, photovoltaics is the most mature and economically viable, 
and yet suffers from certain shortcomings such as intermittency, long 

energy payback times and expensive grid storage [8]. Thermochemical 
approaches such as the Fischer-Tropsch process use catalyst, active 
substrate (i.e. hydrogen) and heat to transform stable CO2 (ΔHf = − 394 
kJ/mol) into valuable chemicals such as hydrocarbons, ethylene glycol, 
ethylene carbonates etc [9,10]. However, the energy intensive nature 
and use of expensive catalysts make these processes unfavorable. 

Photoelectrochemical water splitting to produce clean hydrogen and 
photocatalytic conversion of CO2 to form reduced compounds such as 
CO, methane, methanol, etc offers a potential solution to meet at least a 
portion of global energy demand due to their reliance on widely avail-
able sunlight, water and CO2 [11–16]. Hydrogen has a high energy 
density and offers a means for storing energy and transporting it to the 
point of demand [17]. CO2 reduction produces hydrocarbon fuels such 
as methane, ethane, methanol, etc which are even more compatible than 
hydrogen with the existing energy production and distribution infra-
structure, thus requiring less capital investment to switch from fossil 
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fuels to solar fuels [18]. 
Over the past decade, numerous nanostructured semiconductors 

including inorganic, organic and organic/inorganic hybrid materials 
have been engineered to convert water into hydrogen and CO2 into 
hydrocarbons [19–23]. However, the lack of stable, efficient, and 
inexpensive photocatalysts and photoelectrodes with broad visible ab-
sorption and long-lived charged carriers remains a challenge for the 
successful deployment of technology that can compete with fossil fuels. 
Quantum dots of hybrid organic-inorganic halide perovskites such as 
CH3NH3PbI3, have generated enormous research interest for use in 
photovoltaics and photocatalysis but suffer from low ambient stability 
imposing challenges in fabrication and device operations [24–27]. The 
narrow bandgap, intense absorption coefficient and long carrier diffu-
sion lengths in halide perovskites are particularly attractive for solar 
energy harvesting applications. When the hygroscopic organic cation in 
MAPbI3 is replaced by Cs+, the ‘all inorganic’ halide perovskite CsPbX3 
results, with comparable optoelectronic properties but superior stability 
(up to three months in dry air) [28–32]. However, due to its inherent 
ionic nature, it still shows instability in water. Therefore, to overcome 
this drawback certain strategies have been adopted such as the forma-
tion of nanocomposites with more durable materials or passivation by a 
layer of either semiconductor or dielectric [32–36]. Nevertheless, these 
strategies become ineffective due to reduced charge transport through 
the passivating layer and loss of surface ligands during post-processing 
such as washing/rinsing and isolation from the reaction mixture [37]. 

To address the challenges of processing CsPbBr3 perovskites in 
aqueous and other polar solvents, graphene-like materials have been 
introduced. Graphene oxide (GO) and reduced graphene oxide (rGO) 
have been used to passivate the surface of CsPbBr3/CH3NH3PbI3 which 
behave as electron shuttles to increase the performance in CO2 reduction 
and sunlight-driven water splitting respectively [38,39]. However, the 
stability of these hybrids in water is uncertain. Furthermore, the 
simultaneous efficient extraction of photogenerated electrons and holes 
is rather difficult because built-in electric fields at the core-shell inter-
face regardless of sign will direct one type of carrier towards the core (a 
potential dead-end). Additionally, scalable production of graphene/ 
graphene oxide is costly and uses toxic chemicals which introduces 
secondary contaminants in the environment. Metal-free 2D graphenic 
frameworks composed of earth-abundant elements such as C and N have 
been identified as promising photocatalytic materials due to the multi-
tude of exposed active sites, conjugated backbones, low charge transfer 
resistance and wide solar light response up to near-infrared (NIR) 
wavelengths [40–42]. Graphitic carbon nitride (g-C3N4, CN), a moderate 
band gap (2.7 eV) polymeric semiconductor, is well-suited for solar fuel 
generation due to favorable band positions (ECB: − 1.1 and EVB: + 1.6 eV 
vs NHE) [43–47]. g-C3N4 can be manufactured at industrial scale (in 
tonnes) using cheap precursors such as urea, thiourea and melamine. 
Bulk carbon nitride is not ideal as a passivating shell for CsPbBr3 
quantum dots due to multilayer π-π stacking and intersheets hydrogen 
bonding which acts as localized recombination centers and hinders the 
free movement of charge carriers [48]. Distinct from previous ap-
proaches which were limited to mixing of CsPbBr3 quantum dots with 
bulk carbon nitride [49], we have developed an exclusive in situ protocol 
to passivate as well as wrap the CsPbBr3 nanocrystals with periodic CNM 
sheets. Passivation of CsPbBr3 nanocrystals with conjugated CN sheets 
minimizes grain boundary recombination due to superior crystallization 
as demonstrated by us and others [50,51]. The tunneling of photo-
generated holes in the CsPbBr3 core through few nm thick CN sheets, 
better charge carrier mobility in periodic/crystalline conjugated CN 
sheets and the presence of ample basic sites with a selective affinity 
toward CO2 enhance the photocatalytic performance [52,53]. Addi-
tionally, selective permeability of CN sheets for protons and hydrogen 
over H2O, N2, CO2 and O2 protects the CsPbBr3 core and facilitates se-
lective percolation of protons on the surface of perovskite to extract 
electrons followed by desorption of reduced hydrogen [54–56]. 

2. Materials and methods 

2.1. Reagents and materials 

Lead bromide (PbBr2, 98 + %), cesium carbonate (Cs2CO3, 99.5 % 
purity) and 1-Octadecene (ODE, 90 %) were procured from Acros Or-
ganics. Analytical grade oleylamine (OAm, 70%), dicyandiamide (99%), 
anhydrous Na2SO4 (99%), titanium di-isopropoxide (97%), acetic acid 
(≥99.85%) and formaldehyde (37%) were obtained from Sigma Aldrich. 
Hexane, oleic acid (OA) HNO3 and HCl (37%) were procured from 
Fischer Scientific. No further purification was employed, and all the 
chemicals were used as received. The solvents used were of HPLC grade 
and DI water was used throughout the study. Fluorine-doped tin oxide 
(FTO) coated glass slides were purchased from Hartford Tec Glass 
Company (specifications: TEC 7, resistivity: 6–8 O/square, visible 
transmittance: 80–82 %, haze: 5%). The surface of FTO was cleaned/ 
degreased from organic-inorganic impurities by ultrasonication in 
acetone, methanol and water respectively for 10 min each. 12CO2 (99% 
purity) was obtained from Praxair (Canada) while isotopically labeled 
13CO2 (99% purity) was obtained from Cambridge Isotope Laboratories, 
Inc. (USA). 

2.2. Synthesis of CsPbBr3 nanocrystals 

Step 1. Preparation of Cesium Oleate (CsOL): Cesium oleate pre-
cursor was synthesized by mixing 36 wt% Cs2CO3/OA in 1-octadecene. 
The reaction mixture was heated in a three-neck bottom flask under an 
inert atmosphere at 120 ◦C for 1 h and later increased to 150 ◦C until 
complete dissolution of Cs2CO3 precursor. Typically, 814 mg of Cs2CO3, 
2.5 mL OA and 10 mL ODE were mixed to form Cs-oleate solution which 
was stored at room temperature and used when needed by re-heating at 
150 ◦C. 

Step 2. Synthesis of CsPbBr3 Nanocrystals: A typical hot injection 
method was adopted for the synthesis of CsPbBr3 nanocrystals under an 
inert N2 atmosphere in a glovebox [33,57]. A two-neck flask containing 
138 mg PbBr2 in 10 mL ODE was heated at 120 ◦C for 1 h under 
continuous stirring. Subsequently, 1 mL each of OA and OAm were 
injected in the reaction system followed by increasing the temperature 
to 180 ◦C. To this solution, 1 mL of the Cs-oleate solution was injected 
rapidly after which the solution turned turbid and acquired a fluorescent 
green color. After 5 s of the reaction, the system was rapidly cooled using 
an ice water bath. The obtained solid was dissolved in hexane and 
washed with hexane three times in a centrifuge at 8000 rpm. The 
collected precipitate was kept in a hexane suspension for further use. 

2.3. Synthesis of bulk graphitic carbon nitride, g-C3N4, CN 

High temperature thermal polycondensation polymerizations of 
dicyandiamide under a semi-closed environment give bulk graphitic 
carbon nitride [58,59]. Briefly, in a silica crucible, 5 g dicyandiamide 
was taken and covered loosely with a lid followed by heating at 550 ◦C 
with a heating rate of 8 ◦C min− 1 up to 300 ◦C and 2 ◦C min− 1 up to 
550 ◦C and finally holding the temperature 550 ◦C for 4 h. The afforded 
bulk pale yellow powder finely ground and used for further experiments. 

2.4. Synthesis of monolayer carbon nitride sheets nanocomposite (CNM) 

The nearly monolayer-thick carbon nitride sheets were synthesized 
by following a previously reported protocol with slight modifications 
[60]. In brief, a 50 mL round bottom (RB) flask with a magnetic stirrer 
was placed in an ice bath. The RB flask was charged with 0.5 g CN 
powder followed by slow addition of 50 mL conc. HNO3 (65 wt%) and 
stirred for 15 min. The ice bath was removed, and the obtained sus-
pension was refluxed at 80 ◦C for 3 h (Caution: maintain the heating 
temperature below 100 ◦C). The solution turned turbid and milky white 
indicating successful chemical exfoliation of CN sheets. The obtained sol 
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was diluted with DI water, centrifuged and washed several times with 
water until the pH became neutral. The obtained monolayer sheets 
(CNM) were dispersed in methanol by sonication for further use. The 
concentration of sheets in mg/mL was determined by drying a certain 
amount of solution and calculating the dry weight of the sample. 

2.5. Synthesis of monolayer carbon nitride protected CsPbBr3 
nanocrystals (CNMBr) 

The carbon nitride protected CsPbBr3 nanocrystals (CNMBr) were 
prepared by an in situ approach. Firstly, 5 mL of CNM in methanol was 
centrifuged and washed with hexane to remove residual methanol. The 
obtained CN sheets were dispersed in 2 mL ODE using sonication. The 
ODE dispersed CN sheets were added to 8 mL of PbBr2 in ODE solution 
and heated at 120 ◦C for 1 h under continuous stirring under N2 atmo-
sphere. The rest of the steps were identical to the synthesis of CsPbBr3 
nanocrystals except that the mixture was stirred for 15 min after the 
addition of CsOL. After washing with hexane, the solid was dispersed 
and used later to evaluate photocatalytic performance. The obtained 
nanoparticles were stable in water and other polar solvents and 
remained fluorescent for 2 months in the air. 

For comparison, we also prepared CsPbBr3 enwrapped CNM particles 
by the post-synthesis approach. In short, 5 mL of CNM in methanol was 
centrifuge, washed with hexane and re-dispersed in 2 mL of hexane 
using sonication. Note that due to hydrophobic nature, CN sheets are 
poorly dispersible in hexane and require sonication before use. The 
obtained solution was rapidly added to the suspension of CsPbBr3 
nanocrystals in hexane and sonicated for 5 min followed by stirring for 2 
h. Finally, the nanoparticles were separated by centrifugation and re- 
dispersed in hexane. The CsPbBr3/CNM nanoparticles obtained by the 
post-synthesis approach immediately get deactivated in polar solvents. 

2.6. Photo-/electrochemical measurements 

2.6.1. Electrochemical characterization 
The electrochemical properties of materials were investigated using 

a CHI660E series electrochemical workstation in a three-electrode setup. 
The working electrode (anode) was prepared by drop-casting materials 
on TiO2 blocking layer coated FTO glass followed by drying the solvent 
[61,62]. For the preparation of CN/CNM photoanode, a calculated 
amount to CNM/CN was mixed with isopropanol and α-terpineol 
mixture, followed by sonication. The obtained suspension was drop cast 
on the seed blocking layer containing FTO glass and heated to dry the 
solvent. The obtained electrode was covered with a Surlyn film with a 
small window. The CNMBr electrode was prepared by directly drop- 
casting a calculated amount of hexane dispersed materials on FTO 
glass followed by coverage with Surlyn window. 

Platinum was used as the counter electrode (cathode) while Ag/AgCl 
electrode was used as the reference electrode. The electrolyte used was 
0.5 M Na2SO4. Mott-Schottky plot to determined flat band potential (Vfb) 
and carrier density was derived from impedance-potential measurement 
in 0.5 M Na2SO4 by sweeping the applied bias in the range of –1.0 to +
1.0 V (vs Ag/AgCl) at a frequency of 1 kHz. Nyquist plots were obtained 
through electrochemical impedance spectroscopy (EIS) to determine the 
semiconductor-electrolyte interaction under dark and AM1.5 G solar 
irradiation. EIS was performed using a three-electrode configuration at 
an applied bias of –0.5 V vs Ag/AgCl in 0.1 M Na2SO4, with an AC 
amplitude of 5 mV at a frequency of 100 kHz. To carry out measure-
ments under light irradiation AM1.5G one sun illumination from a Class 
A Newport Oriel solar simulator with a power density of 100 mW cm− 2 

at the surface of samples was used. The fitting of Nyquist data was 
performed in CHI660E software to extract an equivalent circuit. 

2.6.2. Photoelectrochemical water splitting 
The photoelectrochemical water splitting performance of the sam-

ples was determined in a three-electrode configuration using materials 

deposited on TiO2 coated FTO as photoanode while Pt and Ag/AgCl 
served as a cathode (counter electrode) and reference electrode 
respectively. All the measurements were performed in 0.1 M Na2SO4 
electrolyte. The photocurrent response of materials was determined by 
linear sweep voltammetry (LSV) to measure photocurrent density (J) as 
a function of applied bias. The applied bias was swept in the range − 0.8 
to + 1.0 V vs Ag/AgCl at a 0.1 mV scan rate. The photocurrent density 
was measured under AM1.5 G simulated solar light with/without filter 
and in dark conditions. The light response and long-term resiliency of 
materials under the photoirradiation conditions were determined by 
measuring the photocurrent density as a function of time (i-t curve) 
during light On-Off cycles at constant water oxidation potential (+0.6 V 
vs Ag/AgCl). Additionally, to analyze the spectral dependence of the 
photocurrent, samples were irradiated with monochromatic 420, 460, 
520, 580, 640, 740 and 840 nm wavelength LEDs by maintaining a 
power density of 21.1 mW cm− 2 at the surface of the sample. 

2.7. Gas phase CO2 reduction experiment 

The photocatalytic CO2 reduction experiment was carried out in a 
cylindrical reactor (30 mL internal volume) with a quartz window, as 
mentioned in our previous reports [63,64]. Firstly, the samples were 
deposited on a 1 cm− 2 area of a glass slide by five successive spin coating 
steps at 3000 rpm followed by drying. The obtained samples were placed 
in the reactor and 200 µL DI water was added around the sample in the 
reactor. The reactor was purged several times with nitrogen to remove 
any trace of atmospheric gas followed by purging with CO2 and finally, a 
50-psi pressure of CO2 was maintained in the reactor. The reactor was 
heated to 80 ◦C to evaporate the water and saturate the chamber with 
water vapor. The photocatalytic CO2 reduction performance was eval-
uated by irradiating the photoreactor under AM1.5 G one sun simulated 
sunlight for 2 h while maintaining a power density of 100 mW cm− 2 on 
the sample’s surface. After the reaction, the gaseous products were 
analyzed using a Shimadzu gas chromatograph equipped with a Porapak 
Q column, and a molecular sieve column, and a pulsed discharge de-
tector (PDD) under the following conditions: He carrier flow rate of 0.5 
mL min− 1, detector temperature of 160 ◦C, and oven temperature - 
started from 60 ◦C and raised to 160 ◦C to expel water vapor. A cali-
bration gas mixture supplied from Sigma was used for the quantification 
of reaction products. To validate that the CO2 reduction products were 
truly generated because of CO2 photoreduction and not because of the 
degradation of organics/contamination, control experiments (sanity 
tests) were performed by excluding one component under identical 
conditions 1) Under dark; 2) Using N2 instead of CO2; 3) Without 
catalyst under AM1.5G one sun illumination. Isotope labeling experi-
ments using 13CO2 instead of 12CO2 were carried out under identical 
conditions to prove that the CO2 reduction was truly photocatalytic. Gas 
chromatography-mass spectrometry (GC–MS) was employed to analyze 
products of 13CO2 reduction and verify that the products were from 
photocatalytic transformation. Additional information on physico-
chemical characterization of samples is provided in Supplementary 
Information. 

3. Results and discussion 

3.1. Structure, morphology and composition of halide perovskite colloidal 
nanoparticles, carbon nitride nanosheets, and CsPbBr3@CNM core-shell 
nanoparticles 

Pristine cesium lead bromide, CsPbBr3 perovskite nanocrystals were 
synthesized by hot injection method using PbBr2 and cesium oleate 
(C18H33O2Cs, CsOL) as precursors, and 1-octadecene (ODE) as a solvent 
while oleylamine (OAm) and oleic acid (OA) were used as binary ligand 
system to sterically stabilize the products) [33,57]. Fig. 1 provides a 
schematic illustration of the synthesis protocol. The reaction of PbBr2 
dispersed in high boiling solvent/ligands with CsOL followed by 

D. Laishram et al.                                                                                                                                                                                                                               



Applied Surface Science 592 (2022) 153276

4

instantaneous quenching in an ice bath leads to the formation of the 
CsPbBr3 nanocrystals. The OA protonates OAm in a nonpolar solvent 
and oleylammonium promotes the growth of CsPbBr3 nanocrystals 
[65,66]. The CsPbBr3 nanocrystals were purified by centrifugation and 
washing with hexane and finally dispersed in hexane. Bulk graphitic 
carbon nitride, g-C3N4 (CN) constituted of tris-s-triazine (heptazine, 
C6N7) moieties linked together with tertiary nitrogen was synthesized by 
condensation polymerization of dicyandiamide at elevated temperature 
(550 ◦C) [58,67]. The condensation polymerization of dicyandiamide 
proceeds via melamine, melam and melem intermediates that finally 
forms graphitic carbon nitride (CN) (see Supporting Information for 
synthesis details). The π-stacked and interlayer hydrogen-bonded sheets 
of bulk carbon nitride were transformed into nearly monolayered carbon 
nitride sheets (CNM) via HNO3 assisted exfoliation at 80 ◦C (Fig. 1a) 
[60]. Treatment of CN sheets with strong HNO3 at high temperature 
protonates nitrogens and strand nitrogens (NH/NH2) in stacked carbon 
nitride sheets to form ammonium type local substructure [68,69]. Due to 
the intercalation of protons in between layered CN sheets and attach-
ment with stranded nitrogen atoms via Brønsted acid/base interaction, 
the intersheets hydrogen bonding is broken leading to exfoliation of 
sheets [70,71]. The strong oxidizing nitrate ions (NO3

–) fractionally 
oxidize CN sheets and ionic repulsion in-between sheets further facili-
tate their exfoliation and separation. The resulting sol containing CN 
monolayer sheets (CNM) suspended in HNO3 were diluted with water 
and centrifuged followed by washing with water until pH-7 was reached. 
Then CNM were dispersed in methanol, centrifuged and washed with 
hexane to remove residual methanol and finally dispersed in ODE for 
further use. The CNM protected CsPbBr3 nanocrystals (CNMBr) were 

synthesized by in situ approach using ODE dispersed CNM and PbBr2 
followed by heating and addition of OAm, OA and CsOL (Fig. 1b). The 
resulting CNMBr was stirred for 15 min prior to quenching of resulting 
solution in an ice bath, to achieve better surface coverage with CN. The 
resulting CNMBr core-shell quantum dots were washed with hexane and 
dispersed in hexane for further use. The samples displayed excellent 
green photoluminesence under UV excitation as will be discussed later 
(also see Fig. S5 in Supporting Information). The average diameter of 
pristine CsPbBr3 quantum dots in hexane was found to be 24 nm as 
measured by dynamic light scattering (DLS) (Fig. S8 in Supporting In-
formation). The obtained average diameter value was slightly larger 
than the reported value (18 nm) [33] because DLS measures the hy-
drodynamic radius of the particle, which was increased because of the 
presence of long alkyl chain ligands on the surface of CsPbBr3. The value 
of average particle size for CNMBr samples was found to be 122 nm 
suggesting encasing of multiple perovskite particles in the CNM scaffold 
(Fig. S8). 

The surface morphologies of CNM and CNMBr samples were deter-
mined using electron microscopy (Fig. 2 and Fig. S1-S3 in Supporting 
Information). The SEM micrograph of CNM on the TEM grid displayed 
crumpled and agglomerated graphene-like sheets showing few-layered 
features at the edge (Fig. S1). The monolayer CNM sheets tend to 
agglomerate in solvent due to intersheet hydrogen bonding. The SEM 
image of CNMBr deposited on FTO showed monodispersed spherical 
CsPbBr3 nanoparticles with an average diameter of 20 nm embedded in 
a CNM matrix (Fig. 2a-c and Fig. S2a-c in Supporting Information). The 
FESEM EDX mapping clearly demonstrates the presence of all the con-
stituent elements (Cs, Pb, Br, C and N) with a high density of spot-on 

Fig. 1. Synthetic protocol for (a) CN monolayer graphenic sheets (b) in situ synthesis of CNMBr using CsPbBr3 and CNM.  
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nanoparticle features (Fig. S2d-l and Figure S3a-f). EDX spectra show the 
presence of all the elements in the CNMBr (Fig. S2j and Fig. S3g). 
However, the relative intensity of nitrogen remains low which might be 
due to the obscuring of signals from the diffraction of high-density el-
ements. Further, SEM elemental mapping of CNMBr samples on the TEM 
grid displayed the uniform distribution of all the elements in the 
nanoparticle morphology (Fig. S4 in Supporting Information). The ul-
trafine morphological attributes of materials were determined using 
high-resolution transmission electron microscopy (HR-TEM) (Fig. 2d-m 
and Fig. S5 in Supporting Information). The HR-TEM images of CNM at a 
5 nm scale bar show the nanoporous structure and well-ordered stacked 
carbon nitride nanosheets. The CN sheets separated by breaking H 
bonding between stand NH/NH2 tend to re-stack after removal of strong 
acidic solvent HNO3, which increases crystallinity (Fig. 2d) [71–74]. 
Another TEM image displayed several periodic low-density spots arising 
from the periodic arrangement of heptazine units (Fig. 2e). Color map-
ping of the magnified area clearly shows the hexagonal arrangement of 
the spots [75,76]. The space-filling modal of carbon nitride sheets 
demonstrates that tertiary N-linked heptazine units are perfectly 
superimposed on the high density spots while bright low density spots 
are visible from the in-plane interstitial cavities (Fig. 2f and g). These 
verify the presence of a periodic arrangement of heptazine units in the 

CN network. 
The HR-TEM image of CNMBr shows spherical CsPbBr3 nano-

particles with 20–25 nm sizes glued together with carbon nitride 
(Fig. 2h). HR-TEM images collected in another region of samples show 
CsPbBr3 nanoparticles enwrapped in CNM matrix (Fig. 2i). It can be seen 
from Fig. 2j that the diameter of a few nanoparticles distributed in the 
CNM matrix was in the 5–10 nm range which shows that instantaneous 
in situ growth of CsPbBr3 in CN matrix changes the size distribution. The 
HR-TEM image of CNMBr at 5 nm scale bar in Fig. 2k, clearly shows 
dense CsPbBr3 coated with approximately 5 nm thick low-density car-
bon nitrides. As expected, the thickness of CNM on CsPbBr3 nanocrystals 
varies at different sample spots. The Moire fringes with 0.67 nm spacing 
of carbon nitride originating from superimposing stacked disordered 
sheets are clearly visible in the shell structure (Fig. 2l and m) [77]. The 
FFT of TEM images shows two bright spots suggesting the presence of 
two lattice planes in the sheets. The iFFT of FFT images clearly show two 
crystalline planes with 0.33 nm and 0.68 nm d-spacing corresponding to 
the interplanar distance of carbon nitride sheets and Moire fringes 
(mismatched superimposition) (Fig. 2m) respectively. The composite 
iFFT image of both planes superimposed on TEM images reveals that 
0.33 nm planes corresponding to interplanar stacking [78,79] were 
merged with large spacing Moire fringes and images seem to dominate 

Fig. 2. (a-c) FE-SEM image of CNMBr; HR-TEM image of CNM at (d) 5 nm scale bar showing lattice fringes and stacking patterns of the sheets, (e) 2 nm scale bar 
showing lattice fringes and atomic dots and inset showing the magnified color view of the selected region (f) Enlarged region of the color map showing the dis-
tribution of heptazine unit dots (g) Trigonal planar tris-s-triazine (heptazine) units of carbon nitride superimposed on atomic dots showing the presence of heptazine 
unit in CNM, low resolution TEM images of CNMBr at (h) 20 nm, (i) 5 nm and (j) 5 nm scale bar showing CsPbBr3 nanocrystals and their distribution in CNMBr 
composite; HR-TEM images of CNMBr at (k-m) 5 nm scale bar showing CsPbB3 enwrapped CNM sheets nanohybrid (s) 5 nm scale bar showing lattice fringes, Inset: 
left inset; Moire fringe, right upper; FFT of image, lower inset panel: iFFT of FFT image showing two crystalline planes with 0.68 nm (blue) and 0.33 nm (red) d- 
spacing corresponding to Moire fringe and interplanar distance of stacked CNM sheets respectively; Middle inset composite of two images superimposed on the lattice 
plane of the TEM image. (n) Inner shell ionization edge (core loss) electron energy loss spectra (EELS) of CN (black), CNM (blue), CNMBr (red) showing the 
contribution of σ* and π* signals in C K-edge and N K-edge energy loss; (o) STEM EDX line scan of CNMBr particles showing the distribution of C, N, Br, Cs and Pb 
along the line. 
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via only one plane (Fig. 2m). Additionally, HR-TEM images at low and 
high magnification are provided in Fig. S5 in Supporting Information. 

The nature of C/N bonding and electronic state of the CN material in 
CN, CNM and CNMBr was determined by electron energy loss spec-
troscopy (EELS) through measurement of the C K-edges and N K-edges 
energy loss (Fig. 2n). EELS spectra of CN, CNM and CNMBr displayed 
two major peaks originating from C-K and N-K edge energy loss [80]. 
The C K-edges constituted of two peak components centered at 283.4 
and 293.8 eV corroborated to 1 s-π* and 1 s-σ* electronic transition of 
sp2 hybridized carbons, trigonally bonded with nitrogen in tris-s-triazine 
moieties [81]. The presence of a strong π* signal in the C K-edge loss 
region demonstrates extended π conjugated orbitals in the tris-s-triazine 
ring system. Similarly, two peak components at 393.6 and 401.6 eV in N 
K-edge energy loss region were assigned to 1 s-π* and 1 s-σ* electronic 
transitions of sp2 hybridized nitrogens of tris-s-triazine units/tertiary 
bridging nitrogens. Again the presence of intense π* signal in N K-edge 
loss region indicates a well-constituted carbon nitride framework [82]. 
Interestingly, after transformation of CN to CNM sheets, the N1s-π* and 
1 s-σ* edge intensity was reduced due to the protonation of NH2/NH 
groups resulting in decreased contribution of NH2/NH lone pairs in ar-
omatic heptazine network.[83] To probe the distribution of CNM all 
over the surface of CNMBr, STEM EDX elemental mapping line spectra 
were collected (Fig. 2o). The EDX line spectra clearly show the over-
lapped distributions of C and N on the Cs, Pb and Br signals of CsPbBr3 
nanocrystals validating the uniform distribution of CNM on CNMBr. 

X-ray photoelectron spectroscopy (XPS) was employed to determine 
the surface/subsurface (~5 nm) chemical composition and binding en-
ergies of the constituent elements (Fig. 3). The XPS survey scans of CN, 
CNM and CNMBr displayed all the signature core level (CN: C1s, N1s and 
O1s; CNM: C1s, N1s and O1s and CNMBr: C1s, N1s, O1s, Cs3d, Pb4f, 
Br3d) and inner/sub-core-level (OKLL, O2s, Cs3p, Pb4p, Pb4d, Br3p) 
peaks of constituent elements verifying their presence in the composite 
materials (Fig. S7 in Supporting Information). The deconvoluted HR- 
XPS spectra of bulk CN displayed three peaks located at 284.8, 286.2 
and 288.1 eV. The HR-XPS peak at 284.8 eV was assigned to sp3 hy-
bridized turbostratic adventitious carbons (C-C), while the peaks at BE≈
286.2 and 288.1 eV originated respectively from sp2 hybridized tertiary 

(C-(N)3) and secondary (N-C = N) aromatic carbons of heptazine units 
(C6N7) constituting the carbon nitride framework (Fig. 3a) [84,85]. 
After the transformation of bulk materials into sheets, the C1s XPS peaks 
remain identical for CNM suggesting intact CN framework in monolayer 
sheets. However, the peak corresponding to secondary carbons was 
broadened which might be due to signal contribution from the oxidized 
state carbons. CNMBr also displayed all the C1s peaks corresponding to 
various carbons of carbon nitride verifying the presence of CNM on the 
nanocrystal structure. The relative signal intensity of the C-C peak was 
increased due to the presence of sp3 hybridized carbon from the 
aliphatic alkyl chain of ligands. The N1s core level HR-XPS spectra of CN 
after deconvolution displayed four peak components centered at 398.7, 
399.6, 401.1 and 404.6 eV (Fig. 3c). The two intense peaks at 398.7 and 
399.6 eV were corroborated to sp2 hybridized secondary C = N–C and 
tertiary N–(C)3 nitrogens of tris-s-triazine units of CN polymer while 
weak shoulder peak at 401.1 eV originated from sp3 hybridized termi-
nal/strand primary nitrogens (–NH2/NH) (Fig. 3b) [77,86,87]. A very 
weak XPS signal at BE value 404.6 eV originated from π-π* transition in a 
conjugated CN system [88]. The three peaks due to secondary (C =
N–C), tertiary (N–(C)3) and primary nitrogens (–NH2/NH) centered at 
398.7, 399.6 and 401.1 eV remain identical for CNM samples. A slight 
shift of N–(C)3 peak toward higher binding energy was attributed due to 
protonation of CN sheets resulting in decreased charge density on hep-
tazine network. Additionally, an increment in CNM N–(C)3 peak was 
attributed to reduction of other N’s (N-C = N) intensity due to the partial 
oxidation which concomitantly increases the relative signal intensity of 
tertiary nitrogens. Interestingly, the π-π* transition peak for the CNM 
sample was intense and located at a relatively higher binding energy 
value (406.2 eV). Due to the quantum confinement effect in monolayer 
sheets, the HOMO-LUMO energy gap increased and larger energy is 
needed to promote π-π* transition resulting in the increased BE value 
while increased order/periodicity in CNM reduces the intersheet 
recombination and increases signal intensity. For CNMBr - in addition to 
the CNM peak, another peak was observed at 401.9 eV that might 
originate from primary nitrogens of alkyl amine (C-NH2). Further, the 
XPS peak due to π-π* transition was completely absent for CNMBr sug-
gesting faster charge transfer between CNM and CsPbBr3 crystal. 

Fig. 3. Core-level HR-XPS spectra of CN, CNM, CNMBr in (a) C1s, (b) N1s, (c) O1s regions and HR-XPS spectra of CsPbBr3 in (d) Cs3d, (e) Pb4f and (f) Br3d region.  
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The deconvoluted HR-XPS spectra of CN, CNM and CNMBr in the O1s 
region gave three peak components (CN: 530.1, 530.9, 531.9; CNM: 
529.9, 531.5, 532.8; CNMBr: 530.0, 531.1, 532.3 eV) assigned to C = O, 
N = C-O of partially polymerized CN fragments and –OH of adventitious 
oxygen respectively (Fig. 3c) [89,90]. It is worthy to mention that the 
O1s peak for CNM and CNMBr was shifted to high BE value due to 
protonation of N = C-O (N = Cδ+-Oδ-—H+). The deconvoluted XPS of 
CNMBr in the Cs3d region gave two well-resolved peaks at 724.2 and 
738.1 eV due to Cs3d5/2 and Cs3d3/2 peak components of Cs present in 
+ 1 oxidation state (Fig. 3d) [91]. Additionally, each peak comprised of 
a shoulder peak positioned at 725.9 and 740.0 eV. The shoulder peak at 
relatively high binding energy was originated due to partially charge 
transfer from Cs ions to positively charged CNM sheets. Two well- 
separated peaks at 138.0 and 142.9 eV for CNMBr in Pb4f regions 
arising from Pb4f7/2 and Pb4f5/2 peak components validates the pres-
ence of Pb in + 2 oxidation state (Fig. 3e) [92]. The appearance of broad 
shoulder peaks at 139.6 and 144.5 eV further verifies partial charge 
transfer to the CNM structure validating effective interaction. Two 
merged peak components in Br3d XPS of CNMBr at 67.9 and 69.0 eV 
corresponding to Br3d5/2 and Br3d3/2 components of for Br- ion along 
with shoulder peaks demonstrate the presence of bromine as bromide in 
− 1 and partially positive (δ + ) oxidation state. (Fig. 3f) [93]. 

3.2. Optical absorption and fluorescence of halide perovskite colloidal 
nanoparticles, carbon nitride nanosheets, and CsPbBr3@CNM core-shell 
nanoparticles 

The optical extinction spectra of solid/liquid dispersed in water/ 
hexane and their thin films fabricated on the glass are shown in Fig. 4a. 
The UV–Vis spectra of CsPbBr3 nanocrystals suspended in hexane con-
tained an excitonic absorption peak at 495 nm and an absorption band- 
edge at 520 nm (Fig. 4a) [33,57]. The diffuse reflectance UV–Vis (DR- 
UV–vis) spectra of CN displayed a strong absorption band in the 
200–450 nm region with an absorption tail that extended to 600 nm. The 
absorption band in the 200–450 nm range originated from direct band- 
to-band transition between the valence band composed of N 2p orbitals 
and conduction band composed of C 2p orbitals. The relatively weak 
absorption peak at 290 nm in UV–Vis spectra of CN arises from π → π* 
transition while another sharp absorption peak at 375 nm originated 
from n → π* transition in the CN scaffold. The orbital overlap of amino 
functionalities creates low energy sublevels that facilitate longer 
wavelength transitions giving band tail absorption. After the trans-
formation of bulk CN into monolayer CN sheets, the color changed from 
pale yellow to white (inset of Fig. 4a) and the optical absorption was 
significantly blue shifted with a band edge at ~ 415 nm. As 

demonstrated in previous reports, the blue-shifted absorption in CNM 
sheets is due to the confinement effect and concomitant bandgap 
widening [60,94,95]. Previous theoretical calculations using DFT also 
demonstrated that when numbers of stacked sheets in carbon nitride 
approaches below four a drastic increment in bandgap is observed 
[96,97]. These observations confirm that the sheets synthesized using 
HNO3 assisted exfoliation were just one to three atomic layers thick. 

The Bohr exciton radius aB of CsPbBr3 is 3.5 nm due to which 
quantum confinement is not expected to occur in the CsPbBr3 nano-
crystals synthesized in this work. The exciton binding energy in bulk 
CsPbBr3 crystals is reported to be 19–62 meV which is slightly larger 
than the values in other lead halide perovskites [98,99]. On the other 
hand, a rather large exciton binding energy of 350 meV has been 
measured in 23 × 3 × 4 nm3 nano-platelets of CsPbBr3. Pristine CsPbBr3 
nanocrystals synthesized in this report with a size of ~ 20–25 nm 
(indicated by DLS and HRTEM) displayed a prominent excitonic feature 
centered at ~ 480 nm (Fig. S7 in Supporting Information), which is 
remarkably similar to the 480 nm lowest energy exciton band observed 
in the UV–Vis spectrum of ~ 7 nm sized cubical CsPbBr3 quantum dots 
[30]. It is conceivable that while one dimension of the CsPbBr3 quantum 
dots is ~ 20–25 nm in size, one or both of the remaining two dimensions 
are smaller in size than aB. The CNMBr containing in situ CNM coupled 
CsPbBr3 displayed a sharp band edge at  550 nm with a small excitonic 
feature at 512 nm (red curve in Fig. 4a). Compared to pristine CsPbBr3, a 
remarkable 30 nm redshift in the absorption edge occurred which we 
attribute to the delocalization of charge carriers over the entire core and 
shell, which is reminiscent of the redshift in organic semiconductors 
induced by an increase in the conjugation length. 

Photoluminescence (PL) spectroscopy was employed for the deter-
mination of the recombination dynamics of photogenerated charge 
carriers. The representative steady-state PL spectra of the liquid 
colloidal suspensions and thin films are given in Fig. 4b and its inset. The 
CsPbBr3 nanocrystals displayed bright green photoluminescence under 
365 nm excitation both in colloidal suspensions in hexane and in thin 
films deposited on a glass slide. The strong fluorescence of CsPbBr3 thin 
films suggests the absence of aggregation and concentration quenching. 
Fluorescence microscope images of CsPbBr3 deposited on a glass slide 
under 480 nm excitation wavelength displayed bright fluorescence 
emission at 530 nm (Fig. S6 a, b in Supporting Information). The PL 
spectra of pristine CsPbBr3 nanocrystals exhibited an exclusive PL peak 
centered at 500 nm due to band-to-band recombination within the 
crystal lattice [57]. The broad intense PL peak of bulk carbon nitride 
located at 463 nm originated from colossal interband and intersheet 
recombination. Fluorescence microscope images of CN collected by 
exciting samples under 350 and 535 nm and measuring emission at 460 

Fig. 4. (a) DR-UV–Vis spectra of CN, CNM, CNMBr, Insets 1, 2, 3and 4 showing digital photographs of the CsPbBr3, CN, CNM (in water), CNMBr and their films on 
glass. (b) Steady-state PL (ssPL) spectra of CsPbBr3 nanocrystals, CN, CNM, CNMBr, Inset 1, 2 and 3, showing fluorescence image of CNM, CsPbBr3 and CNMBr images 
their thin film on glass under 365 nm light Color: CsPbBr3, (yellow), CN (black), CNM (cyan), CNMBr (red). 
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and 610 nm respectively validated the broad PL response of CN (Fig. S6) 
[100,101]. The intensity of images collected by monitoring the 610 nm 
emission was relatively weak due to weak band edge excitation at 535 
nm. The monolayered CNM sheets showed an intense PL peak centered 
at 400 nm [60]. The huge blueshift in the PL peak position demonstrates 
an increased bandgap which was in good agreement with the UV–Vis 
absorption spectrum. The PL peak of CNMBr at 512 nm was red-shifted 
compared to pristine CsPbBr3 suggesting bandgap reduction in harmony 
with the red-shift in the optical absorption. CNMBr shows a very low 
Stokes shift of < 1 nm, which indicates low disorder, and is supportive of 
carrier delocalization over the core–shell structure. Two-photon fluo-
rescence imaging (FLIM) lifetime measurements were performed on CN 
and CNM samples to calculate the PL lifetime of excited species (see 
Section 3 in Supporting information for details). The average lifetimes 
(τave) calculated by the tri-exponential fitting of FLIM lifetime curve 
were found to be 1.14 and 1.72 ns for CN and CNM samples respectively 
(Fig. S12 and Table S1 in Supporting Information). The increased 
average lifetime value of CNM was because of the increase in intrasheet 
order and significant inhibition of intersheet recombination following 
the transformation of bulk CN into monolayer sheets [102,103]. 

3.3. Photoelectrochemical water splitting using core-shell CNMBr 
nanocrystals 

Photoelectrochemical (PEC) water splitting, and CO2 reduction ex-
periments were performed to examine the ability of CNMBr core-shell 
nanoparticles to photocatalytically produce solar fuels. For PEC mea-
surements, a standard three-electrode setup consisting of an illuminated 
working electrode (photoanode), Pt cathode (counter electrode) and 
Ag/AgCl reference electrode was used. The working electrode consisted 
of CN, CNM and CNMBr materials deposited on FTO. The measurements 
were carried out under AM1.5 G simulated sunlight (100 mW cm− 1) 
with and without UV cut-off long-pass filter (λ > 420 nm) using 0.1 M 
Na2SO4 as the electrolyte. The photoresponse and photocurrent density 
of materials during light On-Off cycles as a function of time (i-t curve) 
were measured at an applied bias of + 0.6 V vs Ag/AgCl. Among all the 
samples, CNMBr displayed the highest photocurrent density reaching up 
to 1.55 mA cm− 2 (Fig. 5b and Fig. S14 in Supporting Information). CNM 
samples produced double the photocurrent density of CN samples even 
though the transformation of bulk sheets into monolayered sheets 
severely reduced visible light absorption suggesting better charge sep-
aration on crystalline carbon nitride nanosheets (CNM). The small 
semicircle for CNM compared to CN in the EIS Nyquist plot (Fig. S13d in 
Supporting Information) verifies that the charge transfer resistance was 
decreased after transformation of bulk materials into sheets promoting 
faster transfer of photogenerated holes to hydroxide and oxide anions in 
the electrolyte [104]. The photoelectrochemical outperformance of 
CNMBr samples is attributed to excellent visible absorption and longer 

carrier migration length in CsPbBr3 nanocrystals. Additionally, the shell 
of CNM sheets facilitates the extraction of photogenerated holes from 
the core CsPbPb3 nanocrystals through their extended conjugated 
network, which then proceed to oxidize electrolyte species. Scanning 
Kelvin Probe Force Microscopy (KPFM) confirmed that for blue light 
excitation, the surface of the sample became acquired a more positive 
potential w.r.t the dark, which is indicative of hole extraction by the 
CNM shell from the CsPbBr3 core (Fig. 6). Electrons on the other hand 
likely tunnel from one CsPbBr3 nanocrystal to another through the 1–3 
atom layer CNM shell layer under the applied anodic bias and reach the 
FTO electron collector (and subsequently pass through the external 
circuit to reduce protons in the electrolyte at the cathode). Linear sweep 
voltammograms (LSV) to measure the photoresponse of materials with 
respect to dark conditions were collected by sweeping the applied 
voltage in the range of − 1.0 to + 1.0 V vs Ag/AgCl (Fig. S17-S19 in 
Supporting Information). All three samples provided instantaneous 
photoresponse during the light On-Off cycles. To probe the response of 
the materials under longer wavelength irradiation, the photocurrent 
density of materials vs time was measured using monochromatic 365, 
420, 460, 520, 580 and 640 nm wavelength LEDs (Fig. S17-S19 in 
Supporting Information). All the materials demonstrated a longer 
wavelength response up to 580 nm with the maximum photocurrent 
density for the CNMBr sample at 365 nm followed by 420 nm. The 
maximum blue light response of the CNMBr samples was also evident 
from surface potential measurement determined using KPFM (Fig. 6). 

3.4. Vapor phase CO2 photoreduction using core-shell CNMBr 
nanocrystals 

For CO2 photoreduction experiments, CN, CNM and CNMBr samples 
spin-coated on a 1 × 1 cm2 glass slides were placed in a cylindrical 
stainless steel reactor (30 mL internal volume, quartz top window) fol-
lowed by the addition of 200 µL of DI water. The reactor was purged 
many times with N2 followed by CO2. Following purging, a CO2 pressure 
of 50 psi was maintained. The reactor was heated at 80 ◦C to saturate the 
chamber with water vapor and finally irradiated under AM1.5 G solar 
simulated light for 2 h. It is important to note that a sacrificial agent such 
as triethanolamine was not employed for CO2 photoreduction. The 
gaseous reaction product was analyzed using gas chromatography 
(Shimadzu gas chromatograph; GC-2014) equipped with a Porapak Q/ 
Mol Sieve column, and a pulsed discharge detector (PDD). CN and CNM 
as photocatalysts did not generate any CO2 reduction products, though a 
negligible amount of hydrogen was observed as expected. However, gas 
product analysis of the CNMBr sample demonstrated CO, CH4 and H2 as 
major CO2 reduction products. The yield of CO, CH4 and H2 expressed in 
µmol cm-2

cat were found to be 0.407, 0.104 and 0.008 µmol cm− 2
cat 

respectively (Fig. 7). To ensure that CO2 reduction was truly photo-
catalytic and not because of thermal reaction or photodegradation of 

Fig. 5. (a) Photocurrent density vs time (J-t) 
plot for CN, CNM and CNMBr showing pho-
toresponse during light On-Off cycle at + 0.6 
V applied bias, under solar simulated 
AM1.5G light irradiation without filter (100 
mW cm− 2) with and AM1.5G light irradia-
tion with a 420 nm cut-off filter (b) J-V curve 
during light On-Off cycle for CN, CNM and 
CNMBr under AM1.5G light irradiation 
without filter (100 mW cm− 2) and AM1.5G 
light irradiation with a 420 nm cut-off long 
pass filter. Color: 1 Sun without filter: CN 
(gray), CNM (blue), CNMBr (red) and 1 Sun 
with filter: CN (violet), CNM (yellow), 
CNMBr (cyan). All the measurements were 
performed in 0.1 M Na2SO4 solution at a scan 
rate of 0.1 mV/sec.   
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organic contaminants in the sample, blank experiments were carried out 
1) In the absence of photocatalyst, 2) Under dark reaction and 3) Using 
N2 instead of CO2. No trace of any CO2 reduction product was identified 
in the control experiments which confirms that the reaction products 
originated from the photoreduction of CO2. Further, isotopic labeling 
experiments using 13CO2 instead of 12CO2 gave 13C labeled products to 
confirm the origin of CO and CH4 from photoreduction of CO2 (Fig. S18 
and S19 in Supporting Information). 

The increased photocatalytic performance of the CNMBr can be 
explained based on perovskite structural stabilization, increased crys-
tallinity of carbon nitride, lower charge transfer resistance, more 
negative conduction band and synergistic interactions. Although pre-
vious reports mentioned the stabilization of perovskite nanocrystals 
using carbon nitride and graphene materials [38,49,105–107], their 
photocatalytic performance was sub-optimal because bulk carbon 
nitride always comes with the drawback of extensive intersheet charge 
recombination. In this work, we used nearly monolayer carbon nitride 
for the protection of CsPbBr3 nanocrystals which prevented charge 
recombination on its surface. Since an in situ approach was used for the 

synthesis of CNMBr nanocomposite, better surface passivation was 
achieved resulting in improved charge carrier mobility. Such an effect 
has been previously reported for the carbon nitride/perovskite systems 
in solar cell devices where PCE was increased due to better crystalliza-
tion and minimization of grain boundaries, and the conjugated surface 
provided pathways for electron movements [50,51,108]. In addition to 
better charge transport on CN sheets, since the CNM shell was < 5 nm 
thick as confirmed by HR-TEM images, the photogenerated electrons in 
the CsPbBr3 core can reach the FTO electron collection electrode via 
tunneling under applied anodic bais (in photoelectrochemical water 
splitting) or react with protons that permeate through the CNM shell (in 
CO2 photoreduction). Previous reports demonstrated that carbon nitride 
is permeable to protons while at the same time it blocks oxygen, CO2, N2 
and moisture from penetrating into the perovskite core keeping perov-
skite stable [55,56,109–111]. The protons can percolate to the perov-
skite surface via interstitial cavity of carbon nitride which after receiving 
electrons produces hydrogen. Another potential mechanism for the 
utilization of photogenerated electrons involves the delocalization of 
electrons over the entire core-shell structure, which is supported by the 
low Stokes shift and large (~30 nm) redshift in the absorption edge of 
CNMBr core-shell nanocrystals. Such delocalization of charge carriers 
would enable both electrons and holes to be readily available at the CNM 
surface for photocatalytic and photoelectrochemical reactions. 

The electron-rich surface of carbon nitride due to the presence of 
secondary and tertiary nitrogens possessing lone pair of electrons be-
haves as a Lewis base, and electron-deficient CO2 which has weak Lewis 
acid character can bind to the surface of CNMBr more strongly 
increasing the availability of CO2 for photoreaction [112,113]. Indeed, 
the biggest challenge is poor CO2 adsorption on the surface of catalysts 
(particularly halide perovskites) and water always competes for the 
generated electrons producing hydrogen as a by-product. Further, in 
comparison to bulk carbon nitride, the formed CNM has a more ordered 
and periodic structure reducing localized charge recombination 
[71,72,74,114]. This fact was confirmed by the PL lifetime decay curve 
which shows increased average lifetime due to better stabilization and 
mobility of photogenerated charge on the surface of carbon nitride 
sheets [103,115]. Further, the EIS Nyquist plot also shows a much 
smaller semicircle arc for CNM compared to CN suggesting decreased 
charge transfer resistance which improves charge transfer probability in 
between the active material and electrolyte. As for the efficient reduc-
tion of the protons to hydrogen (H+/H2), the CB band position of the 

Fig. 6. (a) Surface potential maps of FTO deposited CNMBr samples under dark, 450 and 635 nm laser, (b) The surface potential distribution of FTO deposited 
CNMBr samples under dark (black), 450 nm (pink) and 520 nm (blue). 

Fig. 7. GC chromatogram of CO2 reduction products and their relative 
distribution. 
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semiconductor should be more negative than 0.00 V vs NHE at pH-7 
(water reduction potential) while for reduction of CO2 to CH4 and CO 
the conduction band should be more negative than − 0.24 V (CO2/CH4) 
and − 0.53 V (CO2/CO) vs NHE, respectively. For self-sustained water 
splitting, the protons and electrons should derive from water oxidation, 
so the valence band should be more positive than + 1.23 V vs NHE 
(water oxidation potential; H2O/O2). Considering Fermi level was close 
to conduction band the CB position of CNMBr was found to be − 0.75 V 
vs Ag/AgCl or − 0.57 V vs NHE. This demonstrates that CNMBr can 
efficiently reduce water and CO2 to produce CO, H2 and CH4. 

4. Conclusion 

The in situ growth of CsPbBr3 nanocrystal in the presence of mono-
layered carbon nitride has afforded air and water stable and passivated 
perovskite nanocrystals. The core-shell CNMBr nanocrystals are stable in 
air, water and polar solvents for over two months and retain their 
fluorescence for this duration. The particle size distribution of CsPbBr3 
nanocrystal in the CNM matrix was mostly uniform, however, some 
smaller spherical particles were also observed. The CN sheets formed by 
HNO3-promoted exfoliation and disrupted intersheets hydrogen bonding 
show increased crystallinity after solvent removal due to more ordered 
stacking. The FTIR and Raman spectra of carbon nitride were simulated 
using a quantum chemistry package and then compared with the 
experimental vibrational spectra to confirm the presence of the carbon 
nitride framework in the CNM nanosheets following exfoliation and 
shell formation. Strong spectroscopic evidence was found indicating 
increased crystallinity and lower disorder in the CNM shell. The CNMBr 
nanocomposite due to decreased defect density and better passivation 
provides a path for efficient charge migration. When used as a photo-
anode in photoelectrochemical water splitting, the CNMBr demon-
strated a photocurrent value of 1.55 mA cm− 2. KPFM data confirmed 
preferential extraction of photogenerated holes in the CsPbBr3 core by 
the CNM shell. The CNMBr can also activate CO2 to transform into small 
molecules such as CO and CH4 without the need for scavengers such as 
triethanolamine or ethanol. Built-in potential differences at the core- 
shell interface that promote extraction of holes through a lower unoc-
cupied energy level in the shell materials or drive tunneling of electrons 
outward through the shell also cause electrons to remain in the core. 
Therefore, efficient extraction of both electrons and holes from the 
halide perovskite core of such core-shell systems is prohibitively diffi-
cult. However, CNMBr core-shell nanocrystals are able to substantially 
overcome this challenge as indicated by the photoelectrochemical and 
photocatalytic data in this work. 
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Additional experimental details; review of approaches toward 
achieving single layer carbon nitride; electron micrographs (Fig. S1-S5); 
fluorescence microscope images (Fig. S6); XPS survey scan, XRD pat-
terns, DLS plot, experimental and simulated Raman and FTIR spectra, 
FLIM lifetime decay curve, Mott-Schottky and Nyquist plot (Fig. S7- 
S13); KPFM measurement protocol; PEC water splitting results - LSV, i-t 
curve under AM 1.5G irradiation and LEDs (Fig. S14-S17); Isotope- 
labeled mass spectrometric data (Fig. S18-S19); Interfacial band- 
alignment including XPS valence band spectra and UPS spectra 
(Fig. S20); Proposed band-diagram at CsPbBr3-CNM interface (Fig. S21). 
Supplementary data to this article can be found online at https://doi.org 
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