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Abstract

®

CrossMark

Quinary and senary non-stoichiometric double perovskites such as Ba,Cag ¢¢Nb; 34 Fe,Og_s
(BCNF) have been utilized for gas sensing, solid oxide fuel cells and thermochemical CO,

reduction. Herein, we examined their potential as narrow bandgap semiconductors for use in solar
energy harvesting. A cobalt co-doped BCNF, Ba,Cag ¢6Nbg gsFeg 33C003306_s (BCNFCo),

exhibited an optical absorption edge at ~800 nm, p-type conduction and a distinct photoresponse
up to 640 nm while demonstrating high thermochemical stability. A nanocomposite of BCNFCo
and g-C3N, (CN) was prepared via a facile solvent-assisted exfoliation/blending approach using
dichlorobenzene and glycerol at a moderate temperature. The exfoliation of g-C5N, followed by
wrapping on perovskite established an effective heterojunction between the materials for charge
separation. The conjugated 2D sheets of CN enabled better charge migration resulting in increased
photoelectrochemical performance. A blend composed of 40 wt% perovskites and CN performed

optimally, whilst achieving a photocurrent density as high as 1.5 mA cm > for sunlight-driven

water-splitting with a Faradaic efficiency as high as ~88%.

Supplementary material for this article is available online

Keywords: hole transporting metal oxides, type-II semiconductor heterojunction, photocatalysis,
graphitic carbon nitride, narrow bandgap semiconductor, electrochemical impedance

spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Access to clean energy with a minimum carbon footprint using
earth-abundant materials is imperative for solving the problem of
global warming and energy scarcity [1-3]. The direct conversion
of solar energy into chemical energy by a photocatalyst aims to
efficiently store the energy of photons in chemical bonds [4, 5].

* Author to whom any correspondence should be addressed.

0957-4484/21 /485407+17$33.00

Hydrogen generation from water is a key reaction for obtaining
low-density fuel that can later be transformed into other higher
hydrocarbons using greenhouse CO, by the Fischer—Tropsch
process [6-9]. The last several decades were dedicated to the
development of inorganic semiconductor photocatalysts, parti-
cularly TiO, based systems [10-12]. Several attempts have been
made to improve the performance of inorganic semiconductors
using approaches such as bandgap engineering via metal /non-
metal doping, morphology optimization (nanotubes, nanorods,

© 2021 I0OP Publishing Ltd  Printed in the UK
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nano-spikes etc), surface area enhancement, light trapping and
heterojunction formation [13]. Unfortunately, none of the sys-
tems can consistently approach desirable photoconversion effi-
ciencies in excess of 10% in conjunction with durability and low
cost. The key impediments to high performance are limited
visible light absorption, charge carrier recombination losses and
high overpotentials for redox reaction steps.

Recently, halide perovskites have gained attention for
solar energy harvesting due to their intense optical absorption
and long carrier diffusion lengths (lower recombination).
Halide perovskites, which constitute a topic of intense sci-
entific and commercial interest for photovoltaic devices,
suffer the problem of severe ambient instability due to air and
moisture. Recently, many efforts have been paid to make
perovskite stable i.e. some halide-based perovskites encap-
sulated /passivated with inorganic, organic and graphenic
materials have been reported to exhibit excellent photo-
catalytic performance in photovoltaics, CO, reduction, dye
degradation and water splitting [14-21]. However, for long-
term usage, stability still remains a significant consideration.
Further, the usage of toxic lead-based perovskites is highly
undesirable from environmental and health viewpoints.

The family of oxide perovskites (ABO;) has received
significant research attention as highly stable and durable
potential substitutes for halide perovskite. However, the vast
majority of oxide perovskites studied for photocatalytic appli-
cations, such as SrTiOs;, Ca,Ti, O3, CoTiO;, LaMnOs;,
LaCoO3, LaN103, PbZrO3, NaNbO3, KNbO3, SrNb03,
NaTaOj3, CaSnO;, CaVOs;, SrVOs;, etc have wide band gaps
exceeding 3.0 eV due to which they harvest a small portion of
the solar spectrum [22]. BiFeO; has a moderate bandgap of
2.2eV. There has been far less work on low bandgap oxide
perovskites (E, < 2eV) for photocatalysis. Members of a
subclass of the oxide perovskite family called double per-
ovskites with a general formula A,B’B”Og are intriguing can-
didate materials due to their earth abundance, structural, optical
(small direct bandgap), thermal stability and magnetic proper-
ties [23]. Double perovskite materials have just begun to be
explored for photovoltaics, CO, reforming, fuel cells and
electrocatalysis [22, 24-31]. Barium and niobium-based double
perovskite oxides are found to work as a bifunctional catalyst
for overall water splitting in acidic and basic media [31-34].
BazBi]ANbo,(,O(, [35, 36], SrNb()']COOer()_QOg_(s perOVSkite
nanorods (SNCF-NRs) [37] and layered NdBaMn,Os 5 [38]
showed excellent hydrogen evolution reaction and oxygen
evolution reaction performance under visible light.

Only a handful of reports are available on the use of
double perovskite oxides in photocatalytic/photoelec-
trocatalytic applications due to high polaron binding energies
(which limits the open circuit voltage that can be generated
under solar illumination) and short carrier diffusion length/
low mobility which reduces the recombination lifetime and
fill-factor of photoelectrochemical devices [39]. Substitution
with different metal /nonmetal atoms can significantly influ-
ence the electronic and optoelectronic properties to optimize
photocatalytic performance [40, 41].

Another approach to lower the charge carrier recombi-
nation is to form heterojunctions with other semiconductors

or high mobility materials, for instance, graphenic networks.
Recently, graphitic carbon nitride (g-C3N,4, CN), a polymeric
semiconductor composed of tri-s-triazine (heptazine, C¢N7)
units linked together with tertiary N atoms forming 2D sheets
structure has shown great promise for various applications
including catalysis (base free oxidation, reduction and cou-
pling reactions etc) and photocatalysis (water splitting, CO,
reduction, photo-organic transformation) due to its remark-
able physical, chemical and optoelectronic properties [42—44].
In contrast with graphene which is a zero bandgap semi-
conductor, the conjugated network of alternative aromatic
carbons and nitrogen gives rise to a bandgap of 2.7 eV (Ecg, —
1.1eV and Eyg, +1.6eV) in g-C3N, [45]. Additionally,
graphitic carbon nitride can be synthesized with cheap
nitrogenous precursors such as urea, dicyandiamide, mela-
mine and thiourea constituting an additional advantage over
graphene which requires chemical vapor deposition or harsh
chemical synthesis from graphite and therefore difficult to
scale up in synthesis to the industrial scale [46]. Due to the
presence of a finite bandgap and a conjugated network, car-
bon nitride (CN) performs a dual function via assisting in
charge separation by forming a heterojunction and enabling
fast percolation of charge carriers in the CN sheets. The
bandgap of 2.7 eV is associated with blue light absorption and
CN’s band structure can be manipulated to harvest more
visible light through doping (P, F, S etc) [47, 48], chemical
structure modification [49-51] and heterojunction formation
[48, 52-54]. Even though carbon nitride is a promising
photocatalyst, its activity in bulk form is limited due to
intersheet recombination of photogenerated charge carriers in
stacked sheets. On the other hand, the transformation of bulk
CN into one or two atom-thick sheets increases its bandgap
due to the quantum confinement effect restricting its absorp-
tion to the UV region [55-57]. Additionally, the transfor-
mation of CN into monolayer sheets enables intersheets
hydrogen bonding which promotes charge localization and
acts as trap sites, quenching photogenerated charge. Previous
experimental and theoretical studies on graphenic 2D mate-
rials suggest a profound quantum confinement effect, which is
observed only if the number of CN sheets becomes lower than
4. Hence the best way to preserve crystallinity (ordered
stacking) to maintain a low bandgap and lower the intersheets
charge recombination is to keep the numbers of sheets higher
than 4-6 [58-63]. Solvent-assisted exfoliation using a polar
solvent is a facile route to get few-layered carbon nitride
sheets while maintaining crystallinity [64]. Interestingly,
carbon nitride (due to the 2D structure and flexibility of
sheets) can form a heterojunction with most of the semi-
conductor materials via weak van der Waals (vdW) interac-
tion thus removing the constraint of epitaxial lattice matching
in conventional inorganic semiconductor heterojunctions.
Indeed, numerous carbon nitride-based 1D/2D and 2D/2D
van der Waals heterojunctions such as BiOI/CN, MoS,/CN,
LDHs/CN, phosphorene/CN, etc have been synthesized
recently for various applications including photocatalysis
[65—67]. Further, our previous studies demonstrated that
heterojunctions of inorganic semiconductor materials (SnIP as
1D semiconductor [68] and BiOI as layered semiconductor
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Figure 1. Synthesis protocol for formation of Ba,Cag ssNbg ssFeo 33C00.3306_5/2-C3N4 (BCNFCo/CN) nanocomposite.

[69]) with few-layered CN show improved charge
separation. Perovskite oxides and CN-based vdW hetero-
junction has shown great promise due to their excellent
photophysical properties, photocorrosion resistance and better
interfacial charge separation [70, 71]. Inspired by these
observations, we report a nanocomposite of double per-
OVSkite, Bazcao'(,GNbo'()gFeovg3C00V3306,5 (BCNFCO), and
few-layered CN synthesized via a simple solvent assisted
exfoliation accompanied by mild heating. The CN sheets
wrapped around the Ba,Cag ¢¢Nbg ggFe.33C003306_s in the
composite which facilitated better charge separation resulting
in improved performance in photoelectrochemical water
splitting reaching a maximum current density of 1.5 mA cm ™2
in 40% BCNFCo/CN composite.

2. Results and discussion

2.1. Structure and composition of BCNFCo-CN hybrids

The condensation polymerization of dicyandiamide at high
temperature (550 °C) forms a tertiary nitrogen-linked tris-s-
triazine network leading to the formation of graphitic car-
bon nitride (CN). Solvent-mediated exfoliation of graphitic
materials is a simple and powerful technique to prepare few-
layered CN sheets. We chose o-dichlorobenzene (ODCB) as
the exfoliating agent given its nearly optimal interfacial
tension (~37 mJ m ) as well as its aromaticity and
resulting 7— stacking interactions with CN sheets [72]. We
further note that ODCB is effective in exfoliating unfunc-
tionalized graphene to yield stable, non-aggregating dis-
persions [73]. Furthermore, binary solvent mixtures
containing glycerol have been shown to stabilize aggregates
and assist in exfoliating graphitic materials [74, 75]. The
Ba2cao_66Nb0_6gFeo_33C00_3306,5 (BCNFCO) double per-
ovskite oxide was prepared using a conventional solid-state
method by physically mixing and sintering (1350 °C/24 h)
stoichiometric amount of BaCO;, CaCO3;, Nb,Os, Fe,03,
and Co30, [76]. The sonication and stirring of BCNFCo
with CN at 80 °C in o-dichlorobenzene/glycerol facilitated
exfoliation and improved the dispersion of CN affording
BCNFCo/CN nanocomposite (figure 1). The carbon nitride
interacts with BCNFCo via weak van der Waals (vdW)
interaction leading to the formation of CN wrapped
BCNFCo core-shell type structure.

The fine morphological attributes of CN and BCNFCo/CN
samples were investigated with high-resolution transmission
electron microscopy (HR-TEM) (figure 2). The HR-TEM ima-
ges of CN at low magnification show a nanoporous, crumpled
sheets morphology (figure 2(a)). The HR-TEM at high magni-
fication (50 nm scale bar) clearly shows graphene-like carbon
nitride sheets (figure 2(b)). The nanoporous structure of syn-
thesized heptazine-based carbon nitride was clearly visible in the
HR-TEM image of CN samples at a 5 nm scale bar (figure 2(c)).
The FFT of the TEM image in figure 2(c) shows a broad dif-
fraction ring corroborating the amorphous nature of carbon
nitride complying with the reported literature [77]. Additionally,
electron energy loss spectroscopy (EELS) which provides
information on the nature of C and N bonding was performed
on CN samples to examine the C K-edge and N K-edge (figure
S1 (available online at stacks.iop.org/NANO/32/485407/
mmedia)). Two major peaks due to the contribution of C
K-edge and N K-edge loss were observed in the EELS spectrum
of CN. The C K-edge was composed of two peak components
located at 283.4 and 293.8eV assigned to ls-7* and Is-o™
electronic transition of sp® hybridized carbons trigonally coor-
dinated with nitrogens in heptazine motif (figure S1) [78-80].
The intense 7* C K-edge signal demonstrates conjugated 7
orbital overlap in the heptazine ring system. Similarly, the two
peak components in the N K-edge’s energy loss located at 393.6
and 401.6 eV, were attributed 1s-7* and 1s-0" electronic trans-
ition of sp” hybridized nitrogens in heptazine ring and tertiary
bridging N verifying successful synthesis of N-rich carbon
nitride framework (figure S1) [81]. The HR-TEM images of
BCNFCo/CN demonstrate dense BCNFCo wrapped and
sandwiched between carbon nitride sheets in the solid-state
matrix (figure 2(d)). The high magnification image at the 5 nm
scale bar shows the amorphous CN containing crystalline
BCNFCo (figure 2(e)). To confirm that the dense region was
composed of BCNFCo, we performed FFT on the selected area
demonstrating sharp spots indicating crystalline structure
while the less dense region did not display any diffraction
spots suggesting these regions were constituted of amorphous
CN (inset of figure 2(e)). Further, iFFT on the selected
area shows a d-spacing of 0.27nm ascribed to BCNFCo
(figure 2(f)). Another high magnification HR-TEM image at
5nm scale bar also shows crystalline BCNFCo surrounded
with a zone of amorphous carbon nitride revealing wrapping of
CN sheets around crystalline BCNFCo (figure 2(g)). The
magnified region of crystalline lattice and iFFT of the image
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Figure 2. TEM images of CN (a) low magnification image at 0.5 pm scale bar and (b) moderate magnification image at 100 nm scale bar
showing nanosheets structure (c) HR-TEM image at 10 nm scale bar showing nanoporous structure; inset showing corresponding FFT image
(d) HR-TEM of BCNFCo/CN nanohybrid at 5 nm scale bar 50 nm scale bar showing CN wrapped around BCNFCo. (¢) HR-TEM images of
BCNFCo/CN at 5 nm scale bar demonstrating BCNFCo entrapped in CN matrix, Inset 1 and 2 are FFT of the selected region showing
amorphous CN and crystalline BCNFCo domains (f) enlarged region showing close contact between CN and BCNFCo and iFFT showing
lattice fringes overlapping with crystal plane of BCNFCo and corresponding d-spacing (g) high magnification image at 5 nm scale bar
showing lattice fringes of double perovskite oxide and wrapping of CN around the lattice; inset FFT of entire images and (f) magnified view
of the selected area showing interplanar d-spacing and corresponding overlapped iFFT showing 0.27 nm d-spacing.

shows lattice fringes with 0.27nm interplanar d-spacing
assigned to Ba,Cag ¢¢Nbg ¢sFen.33C00 33065 double perovskite
(figure 2(h)).

To discern the presence of CN around the BCNFCo
perovskite in BCNFCo/CN nanocomposite, EDX elemental
mapping was performed in STEM mode (figures 3 and S2).
The bright-field image of BCNFCo/CN shows dense
BCNFCo perovskite surrounded with less dense CN sheets
(figures 3(a) and S2(a)). The EDX elemental maps of
BCNFCo/CN show the presence of all the perovskite con-
stituent elements Ba, Ca, Co, Fe, Nb and O concentrated in
the dense region, while carbon and nitrogen constituting CN
were distributed all around the composite, which confirms the
presence of BCNFCo cemented in CN sheets (figures 3(b)—(i)
and S2(b)—(k)). Further, the composite images prepared by
the permutation of different elemental combinations of
BCNFCo and CN show that the elements present in BCNFCo
were centered in the dense region while C and N were
overlapped with the dense region and also present in the less
dense region suggesting CN was wrapped around BCNFCo
(figures 3(j)—(1) and S2(j)—(0)). The observance of relatively
low intensities of C and N in the dense region was because of
the low atomic weight of C and N compared to heavy Ba and
Ca resulting in low electron counts in the STEM detector.
Additionally, the RGB composite of the images made by
selecting Ba and Ca as representative elements of BCNFCo
while C and N as representative of CN followed by line scan
show homogeneous distribution of C and N element all

around the heterostructure validating the presence of CN
enwrapped BCNFCo (figure S3).

The surface/sub-surface chemical composition and
binding energies of CN, BCNFCo and BCNFCo/CN were
determined using XPS (figures S4-S6). The XPS elemental
survey scan of CN, BCNFCo and BCNFCo/CN exhibited
featured peaks (CN: Cls, Nls and Ols; W6: Ba3d, Ca2p,
Nb3d, Fe2p and Ols and BCNFCo/CN: Ba3d, Ca2p, Nb3d,
Fe2p, Cls, N1s and Ols) along with sub-core level peaks (i.e.
OKLL, CKLL, BaMNN, Ba2p etc) confirming the presence
of all constituent elements in pristine and composite materials
(figures S4-6(a)). The core level high-resolution XPS spec-
trum of CN in the Cls region can be deconvoluted into three
peak components centered at BE =~ 284.8, 286.2 and
288.1 eV (figure S4(b)). The XPS peak located at 284.8 eV
originated from sp> hybridized adventitious and turbostratic
carbons, while the peaks at 286.2 and 288.1 eV were assigned
to sp2 hybridized C—(N); and N = C-N aromatic carbons of
heptazine unit in carbon nitride, respectively [82-84]. The
deconvoluted HR-XPS of CN in the N1s region exhibits four
peaks located at 398.6, 399.7, 400.9 and 404.4eV (figure
S4(c)). The XPS peaks at 398.6 and 399.7 eV were assigned
to secondary C=N-C and tertiary N—(C); nitrogens present in
the heptazine unit of carbon nitride ring systems while
another peak at 400.9 eV appeared due to the contribution of
terminal primary nitrogens (-NH,) [82, 85-87]. Additionally,
a small peak at 404.4 eV originated due to 7—7" transition in
the conjugated aromatic system. HR-XPS in the O1s region of



Nanotechnology 32 (2021) 485407

P Kumar et al

, ,Co,Fe,Nb,O,C,N

Figure 3. STEM EDX elemental mapping of 40% BCNFCo/CN nanocomposite (a) bright field (BF) image of mapped area, and EDX
elemental mapping for (b) Ba (red), (c) Ca (blue), (d) Co (green), (e) Fe (cyan), (f) Nb (magenta), (g) O (pink), (h) C (yellow), (i) N (violet);
(j) composite image for Ba, Ca, Co, Fe, Nb, O (k) composite of C, N and (I) composite of Ba, Ca, Co, Fe, Nb, O, C and N.

CN was deconvoluted into three peaks component centered at
531.7, 533.5 and 534.8 eV corresponding to C=0, N=C-O
and —OH oxygens of adventitious oxygen and oxidized
terminal carbons (figure S4(d)) [88].

The HR-XPS spectra of BayCaggeNbgesFeo 3z
Co0p.3306_s (BCNFCo) in Ba3d region displayed two main
peak components located at 779.4 and 794.8 eV originating
from Ba3ds;, and Ba3d;,, orbital splitting of Ba®" in
BCNEFCo lattice (figure S5(b)) [89, 90]. The Co2p peak could
not be observed due to the coinciding binding energy of Ba3d
and the lower concentration of Co. The two peak components
in HR-XPS of BCNFCo in the Ca2p region at BE ~ 346.8
and 350.2eV were assigned to Ca2ps/, and Ca2p;,, peak
components of Ca’" state (figure S5(c)) [29]. The two intense
peak components in Nb3d region at 205.9 and 208.7 eV were
assigned to Nb3ds,, and Nb3ds3,, components of Nb present
in 5+ oxidation state (figure S5(d)) [91, 92]. Fe2p region of
BCNFCo displayed two main peaks due to Fe2ps,» and
Fe2p s, orbital splitting (figure S5(¢)). The Fe2ps/, peak was
deconvoluted into two components at BE value 710.5 and
713.4eV assigned to Fe present in Fe’™ and Fe’" state
[85, 93-95]. Further, observance of satellite peak at BE value

718.0 eV confirmed the presence of iron in the mixed-valence
state. The deconvoluted HR-XPS spectra of BCNFCo in the
Ols region displayed three peaks at 528.4, 529.2 and
530.9eV assigned to oxygen atoms present in the lattice
structure, C=0 and —OH of adsorbed oxygens respectively
[38, 96]. The relatively intense C=0 peak might be due to the
residual solvent used for the film formation. In BCNFCo/CN
composite, all the peaks corresponding to CN and BCNFCo
were observed at almost identical binding energy values
suggesting weak van der Waals interaction between CN and
BCNFCo and undermining the presence of any strong che-
mical interactions (figure S6).

The nature of chemical functional groups present in the
materials was determined using Fourier transform infrared
(FTIR) spectroscopy (figure 4(a)). The FTIR spectrum of
BCNFCo showed intense IR absorption bands at 533, 1035,
1568, 2840 and 3219cm™!. The absorption band at ca.
533cm ' was assigned to the characteristic metal-oxygen
stretch (M-O) while another peak at 3219 cm ™' originated
due to O-H stretching (vo_y) vibration. Other IR peaks at
1035, 1568 and 2840 cm ™' appeared due to the presence of
the residual solvent used for the formation of the film. The
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Figure 4. (a) FTIR spectra of BCNFCo, CN and 40% BCNFCo/CN, (b) Raman spectra of BCNFCo, CN and 40% BCNFCo/CN (c) powder
XRD (P-XRD) diffraction pattern of CN, BCNFCo and their composites with different wt%; Color: CN (black), 10% BCNFCo/CN (pink),
20% BCNFCo/CN (green), 30% BCNFCo/CN (blue), 40% BCNFCo/CN (red), 50% BCNFCo/CN (yellow), BCNFCo (violet).

FTIR spectrum of CN exhibited an IR absorption band at
3127cm ™' due to residual -NH, and ~-OH (vn_p1, Von)
stretch [97]. Characteristic IR absorption bands at 1126-1522
em 2 and 799 cm ™! were arisen due to triazine (C3N3) ring
stretch and bending vibration (figure 4(a)) [98—100]. In the
40% BCNFCo/CN composite all characteristic peaks of CN
were observed and no shift in the peak position was found,
verifying that the intact CN sheets interacted with BNCFCo
through weak vdW interactions.

Figure 4(b) displays the Raman spectra of CN, BCNFCo
and 40% BCNFCo/CN collected using a 632 nm laser as the
excitation source. The Raman spectrum of BCNFCo exhib-
ited an intense peak at 780 cm~'. The Raman spectrum of CN
shows an intense peak at 1453 cm ™ that originated due to the
cumulative D + G bands of the graphitic carbon nitride
structure [69, 101-103]. The D band arises due to out-of-
plane vibration of sp” hybridized C and N in graphitic carbon
nitride sheets while the G band appears due to the in-plane
vibration of sp? hybridized C-N’s [104—106]. Due to exten-
sive stacking in bulk carbon nitride, some vibrations were
restricted and a merged D + G band was observed. In the
Raman spectrum of 40% BCNFCo/CN nanocomposite, two
Raman peaks at 1353 and 1570 cm ™' assigned to D and G
bands of the graphitic structure were clearly observed
[105, 107]. Usually, in the carbon nitride, E,, modes (G band)
arise from the sp® bonded C-N are Raman active and
observed at 1581 cm™~'. Another Raman-active D band cen-
tered at ~1360 cm ™" originates from defects state in carbon
nitride structures. The sp> linked heptazine units of carbon
nitride structure are not completely planar due to variation of
the bond angle in N rich structure [108, 109]. The non-
coherent out-of-plane vibration of these C=N’s in N-linked
heptazine units gives rise to the D band. The relative inten-
sities of the D band in carbon nitride-based structure is highly

dependent on the amount of nitrogen which influences the
number of out-of-plane vibrations in the CN network [110].
As CN is composed of alternate C and N’s present in 3:4
stoichiometry, the equal intensity of the D and G band can be
expected. Compared to bulk CN, the well-separated D and G
band in BCNFCo/CN composite can be explained as follows:
the synthesis of BCNFCo/CN composite proceeds via exfo-
liation of bulk carbon nitride in glycerol/dichlorobenzene
under continuous heat and stirring resulting in the formation
of few-layered sheets. Due to the breaking of stacked struc-
ture and the formation of few-layered structures on the surface
of BCNFCo, the restricted out-of-plane vibration becomes
free to show well-separated D and G bands [111, 112].

The crystallinity of CN, BCNFCo and their composites
was determined using x-ray diffraction (XRD) (figure 4(c)).
The crystal structure of the investigated phase Ba,
Cag ¢7Nbg 67Fe33C00330¢6_s exhibited a 1:1 ordered cubic
double perovskite structure (JCPDS# 49-0425). For refine-
ment, an ideal phase double-perovskite (figure S8),
Ba;CaNb,Qo, with space group Fm-3m (No. 225) was used.
Table S1 lists the atomic position and occupancy values
obtained from Rietveld refinement analysis. Furthermore, the
lattice constant of BCNFCo was determined to be a = 8.3739
(9) A; where the absence of any secondary phases was also
confirmed by reliability factors (x> = 1.21; R, = 12.71%). In
an ideal Fm-3m space group, cubic double-perovskite
involves an octahedral arrangement (figure S8) of alternative
layers of oxygens around Ca(Nb) and Nb atoms, which shares
the crystallographic positions 4a and 4b, respectively. The Ba
atoms are located in spaces between these octahedra. For each
Ba atom, there are twelve oxygens at close distances—so that,
the Ba—O sublattice involves BaO, units with dodecahedral
geometry. In the case of BCNFCo, the transition metal (Fe,
Co) doping seems like a (proper) replacement of Nb cations at
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the B-site of the double perovskite—subsequently forming
oxygen vacancies. The B-site substitution on similar per-
ovskite-type oxides has previously been reported by Than-
gadurai et al group—showecasing the materials for solid oxide
fuel cells [113] and CO, gas sensor [114] applications.
Likewise, co-authors of this work have previously demon-
strated BCNF to be a p-type semiconductor in the bulk using
ambient-dependent AC and DC impedance measure-
ments [114].

As shown in figure 4(c), the XRD pattern of bulk g-C3N,
displayed two distinct peaks at 26 values 27.1° and 13.0°
indexed to the 002 and 100 planes of graphitic carbon nitride
[15, 115]. The 002 reflection with a 0.32 nm interplanar d-
spacing originated due to interplanar stacking of carbon
nitride sheets while in-plane packing of heptazine units in
carbon nitride sheets was responsible for the 100 reflection
with 0.68 nm spacing [116]. The characteristic 002 and 100
peaks of carbon nitride were present in all the BCNFCo/CN
composites indicating the preservation of the stacked structure
of CN in the composite. Furthermore, specific peaks of
BCNFCo were also observed in the BCNFCo/CN composite
materials demonstrating the intact crystalline structure of
BCNFCo.

Thermogravimetric analysis (TGA) of CN and best per-
forming 40% BCNFCo/CN was performed to elucidate the
thermal stability of materials (figure S10). The TGA ther-
mogram of CN demonstrated a very small weight loss (~5%)
in the 50 °C-550 °C temperature range due to loss of surface
adsorbed water/organic molecules and polymerization of
residual uncondensed moieties in CN framework releasing
NHj;. Another sharp weight loss (~92%-95%) in the temp-
erature range of 600 °C-750 °C was ascribed to degradation
of heptazine (C4¢N;) moieties. The 40% BCNFCo/CN het-
erostructure composite demonstrated three weight loss
regions in the TGA thermogram. The first less prominent
weight loss (~3%-4%) in the region of 50 °C-190 °C was
observed due to the removal of adsorbed water and o-
dichlorobenzene. The second minor weight loss (~4%—5%)
in the temperature range of 250 °C—425 °C was assigned to
the degradation of intercalated glycerol and loss of NHj;
during condensation of unreacted heptazine units. The third
major weight loss of approximately ~38% was observed in
the temperature range of 550 °C-700 °C due to the degrada-
tion of carbon nitride tris-s-triazine moieties. Subsequently,
no weight loss was observed which suggests high-temperature
stability of remaining BCNFCo perovskite oxide crystals.

2.2. Optical and photoluminescence spectra of BCNFCo-CN
hybrids

The optical absorption of materials was evaluated from dif-
fuse reflectance UV—vis (DR-UV-vis) spectra (figure 5(a)).
The DR-UV-vis spectrum of CN exhibited the characteristic
absorption band in the 200420 region and an extended band
tail up to 460 nm arising from the band-to-band transition
between the valence band composed of nitrogen 2p orbitals
and conduction band composed of the carbon atom 2p orbi-
tals. The weak peak at 330 nm in the UV—vis spectrum of CN

was assigned to m—7" transition while another sharp peak
around 390 nm was assigned to n—7" transition in carbon
nitride framework [117-120]. The UV-vis spectrum of
BCNFCo perovskite oxide shows a broad absorption range
extending all the way down to the near-infrared region. After
the formation of heterojunction, the absorption profile of the
composite was extended toward longer wavelengths as per the
percentage of blended perovskite due to contribution from
perovskite absorption. Additionally, the effective optical
bandgaps of CN, BCNFCo and BCNFCo/CN composites
were calculated using a Tauc plot. A plot between (ahv)'/?
versus hv followed by extrapolation of the linear tangent to
abscissa provide band gap value of material; where « is
absorption coefficient, 4 is plank constant and v is the light
frequency (figure S7). The values of optical bandgap obtained
from the Tauc plot for CN and as-prepared BCNFCo were
found to be 2.58 and 0.69; whereas the bandgap values for
BCNFCo/CN composites with BCNFCo content varying
from 10%, 20%, 30%, 40% and 50% were 1.02, 1.00, 0.88,
0.88 and 0.70 eV, respectively. The obtained bandgap for CN
was in good agreement with previously reported literature
[121, 122].

Photoluminescence (PL) spectra were acquired at an
excitation wavelength of 365 nm (figure 5(b)). CN displayed
a broad intense PL peak centered at 451 nm suggesting a
populated charge recombination process [123—-125]. Bulk
carbon nitride composed of 2D tris-s-triazine units’ network
possesses several uncondensed NH/NH, moieties leading to
intersheets and intrasheets hydrogen bonding. These moieties
also work as radiative recombination centers giving rise to an
intense PL peak. In multilayer carbon nitride, intersheets
charge recombination remains prevalent resulting in a
decrease in photocatalytic performance. After the formation
of composite with BCNFCo, the PL peak intensity of
BCNFCo/CN composite was not quenched. Interestingly, the
observed small gradual decrease in the emission intensity of
CN as wt% of BCNFCo was increased, is attributable to the
lower mass fraction of CN in the composites and interfacial
radiative recombination in the vdW heterostructure. dis-
sociated at the CN/BCNFCo heterojunction. This inference
has the major implication that the photoelectrochemical per-
formance of CN/BCNFCo heterojunction nanocomposite
photoanodes (discussed in the next section) derives mostly
from the separation of photogenerated charge carriers in the
BCNFCo.

2.8. Photoelectrochemical water splitting performance of
BCNFCo-CN hybrids

The pristine and composite materials were tested as photo-
anodes for photoelectrochemical (PEC) water splitting
(figure 6). The PEC water splitting experiments were carried
out in a three-electrode configuration with FTO deposited
bare/hybrid materials as photoanode (working electrode)
while Pt and Ag/AgCl electrode were used as photocathode
(counter electrode) and reference electrodes respectively. For
the measurement, all three electrodes were immersed in a
0.1M Na,SO, electrolyte followed by irradiation of the
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Figure 5. (a) DR-UV-vis spectra and (b) steady-state PL (ssPL) spectra of CN, 10% BCNFCo/CN, 20% BCNFCo/CN, 30% BCNFCo/CN,
40% BCNFCo/CN, 50% BCNFCo/CN, BCNFCo acquired at 360 nm excitation; Color: CN (black), 10% BCNFCo/CN (pink), 20%
BCNFCo/CN (green), 30% BCNFCo/CN (blue), 40% BCNFCo/CN (red), 50% BCNFCo/CN (yellow), BCNFCo (violet).

photoanode by AM1.5 G simulated sunlight (one sun inten-
sity). The photoresponse of materials was measured using
linear sweep voltammetry by sweeping the applied bias from
—1.0 to +1.0V versus Ag/AgCl. All the samples demon-
strated a negligible current density under dark conditions
(figure 6(a)). However, under AM1.5G irradiation all the
samples displayed a photoresponse. Pristine CN and
BCNFCo exhibited low photocurrent densities of 0.45 and
0.40mA cm ™2 at +0.6 V versus Ag/AgCl. After the forma-
tion of heterojunction between BCNFCo and CN, the pho-
tocurrent density was remarkably improved. The 40%
BCNFCo/CN sample displayed the highest photocurrent
density (1.51 mA cm ™ 2) under AM1.5 G irradiation—a nearly
four-fold increase in performance over the pristine material
photoanodes (figures 6 and 7). Under identical conditions, the
photocurrent densities for 10% BCNFCo /CN, 20%
BCNFCo /CN, 30% BCNFCo/CN and 50% BCNFCo/CN
were measured to be 0.61, 0.67, 0.99 and 0.73 mA cm 2
respectively. A similar pattern ensued when a 420nm
cut-off filter was used to exclude short wavelength photons
(figures S13-18).

The photocurrent response of material during light On—
Off cycles was measured as the function of time (i—¢ curve) at
0.6 V applied bias to clearly show that the current originated
from illumination rather than a redox effect (figures 6(b),
7(a)—(c)). The test duration of 180 s for the On—Off cycling is
long enough to show the effects (if any) of short-term che-
mical or photochemical degradation. No such degradation
was observed which demonstrates the photochemical stability
of the heterojunction nanocomposite. As in the LSV mea-
surement, the photocurrent response of 40% BCNFCo/CN

sample increased linearly as a function of voltage, which
seems like the ohmic current. To verify the originated current
was not ohmic in nature LSV during the On—Off cycle was
collected. As clear from figure 7(a), the photocurrent reaches
almost zero during dark suggesting superimposing with dark
current suggests the observed current was purely originated
from photoelectrochemical water splitting. The steady pho-
tocurrent response of all the samples throughout measurement
and presence of peak and trough in photocurrent response
during light On-Off validates the photoresponse of the
materials. The observance of spikes in the transient photo-
current measurement followed by the attainment of constant
current during the light-on cycle was due to the generation of
a large number of electron-hole pairs during light illumina-
tion which are accumulated at the surface on opposite sides of
the semiconductor-electrolyte interface. Photogenerated
electrons in BCNFCo are injected into CN while photo-
generated holes in BCNFCo are supplied to hydroxyl ions at
the interface. Due to the slow transport of electrons in the CN,
interfacial recombination of a portion of accumulated elec-
trons and holes occurs, reducing the photocurrent to a steady-
state value given by the flat portion of the pulses in the linear
sweep voltammograms. Note that the recombination process
has a time constant of several seconds. In contrast, the initial
charge separation process directed by the space charge
capacitance has a time-constant of ~1 us as shown in table
S11. Figures 7(c) and (d) show appreciable visible light
harvesting by the 40% BCNFCo/CN nanocomposite with a
distinguishable photoresponse even at 640 nm. This shows
the potential of optimized double perovskite oxide systems
based on BCNFCo to overcome the issue of poor visible light
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Figure 6. (a) Linear sweep voltammograms of CN, 10% BCNFCo/CN, 20% BCNFCo/CN, 30% BCNFCo/CN, 40% BCNFCo/CN, 50%
BCNFCo/CN, BCNFCo samples showing change in photocurrent density versus applied potential (/J-V'), under dark and simulated solar
AM1.5 G light irradiation (100 mW cm?) (b) photocurrent versus time (i) plot showing response during light On—Off cycles at +0.6 V
applied bias, under AM1.5 G light irradiation (100 mW cm~>); all the measurements were performed in 0.1 M Na,SO, solution at a scan rate
of 0.1 mV s ! and (c) calculated Faradaic efficiencies for hydrogen evolution using BCNFCo, CN and 40% BCNFCo /CN photocatalyst.

harvesting by conventional photochemically and thermally
stable photoanodes such as TiO,, StTiO3, NaNbOs, etc.

To discern the true origin of photocurrent from photo-
electrochemical water splitting and overrule the possibility of
any side reactions/photocorrosion or electrolysis, the evolved
gaseous reaction product was collected on Pt cathode in H-cell
(Please ESI for experimental detail). The gaseous product was
analyzed in a gas chromatograph equipped with a pulse dis-
charge detector (GC-PDD). The rates of hydrogen evolution
for BCNFCo, CN and 40% BCNFCo/CN under AM1.5 G one

sun illumination were found to be 0.57, 0.84 and 1.15 pmol
h™! respectively which was consistent with the observed trend
in photocurrent (figures 6, 7 and S13-S18). The increased
hydrogen evolution rate for 40% BCNFCo/CN indicates the
synergistic enhancement in photoactivity. Furthermore, the
Faradaic efficiency, which is a true measure of efficiency in
actual operating conditions was calculated for the photoelec-
trochemical water splitting using BCNFCo, CN and 40%
BCNFCo/CN. Faradaic efficiency (FE%) is a ratio of observed
hydrogen in experimental condition to theoretically evolved H,
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Figure 7. (a) Linear sweep voltammogram of 40% BCNFCo/CN showing photocurrent density versus applied potential (J-V),

photoresponse during light On—Off cycle under dark, solar simulated

AM1.5 G light irradiation without filter (100 mW cmfz) and AM1.5G

light irradiation with 420 nm cut-off filter, (b) photocurrent versus time (i—f) plot of 40% BCNFCo/CN showing response during light On—
Off cycle at +0.6 V applied bias, under solar simulated AM1.5 G light irradiation without filter (100 mW cm %) and AM1.5 G light
irradiation with 420 nm cut-off filter, (c) photocurrent response versus time of 40% BCNFCo/CN during light On—Off cycle at +0.6 V

applied bias, under 420, 460, 520, 580, 640 and 840 nm LEDs (100

mW cm~?) (d) enlarged photocurrent versus time graph showing

photoresponse of 40% BCNFCo/CN under 580, 640 and 840 nm LEDs (100 mW cm™?) all the measurement were performed in 0.1 M

Na,SO, solution at a scan rate of 0.1 mV s .

was calculated using the following expression.

Faradaic efficiency (%)

The calculated Faradaic efficiencies for the BCNFCo,
CN and BCNFCo/CN photoanode-based photoelec-
trochemical H-cells were found to be 64.32%, 83.38% and
87.72% respectively (figure 6(c)). In comparison to the pris-
tine materials, the increased FE% for the BCNFCo/CN
demonstrates better charge separation in the heterojunction.

Experimental gas evolution (measured Hy)

- 100.
Theoretical H, gas evolution (based on photocurrent)

1

Additionally, the high stability of the material toward pho-
tocorrosion was inferred from the excellent FE for the
BCNFCo. It is well-established that in photoelectrochemical
oxidation /reduction, the additional current generated from the
non-photophysical processes derives from the material’s
corrosion and side reaction. These reactions promote the
oxidation of photoanode which compromises the photo-
stability of the materials. The high Faradaic efficiency sug-
gests only a tiny fraction of BCNFCo photoanode is
potentially corroded during the measurement which suggests
the hybridization of BCNFCo not only improves the photo-
electrochemical performance but also increases its resilience.

0
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Figure 8. XPS valence band (XPS-VB) spectra showing valence band position with respect to Fermi level of (a) CN, (b) BCNFCo and (c)
40% BCNFCo/CN and (d) Mott—Schottky plots showing flat and potential of CN (black), 10% BCNFCo/CN (pink), 20% BCNFCo/CN
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The band alignment at the heterojunction was determined
using XPS valence band (XPS-VB) spectra (figure 8). All
energy band positions in the ensuing discussion are listed
versus the vacuum level (E,,.). From the XPS VB spectra, the
valence band positions for CN, BCNFCo and BCNFCo/CN
were found to be 2.04, 0.68 and 0.80 eV respectively below
the Fermi level [126]. The shifting of valence band position in
BCNFCo/CN indicating the establishment of a type-II het-
erojunction. Interestingly, the calculated valence band posi-
tions for CN, BCNFCo and 40% BCNFCo/CN were found to
be close to the optical band gap value of materials calculated
from the Tauc plot and demonstrate that the Fermi level was
close to the conduction band thus displaying the n-type
character. Further, the Mott—Schottky plot obtained from

11

impedance potential measurement also demonstrate n-type
characteristics of materials and calculated flat band positions
(V) of CN, 10% BCNFCo/CN, 20% BCNFCo/CN, 30%
BCNFCo/CN, 40% BCNFCo/CN, 50% BCNFCo/CN were
found to be —0.37, —0.45, —-0.33, —0.32, —0.48 and
—0.54V versus Ag/AgCl respectively. The n-type conduc-
tion of BCNFCo/CN hybrids determined from the Mott—
Schottky plot (figure 8(d)) indicates the Fermi level to be
close to the conduction band. Hence the obtained flat band
potential (Vg,) can be assigned to the conduction band posi-
tion. As the BCNFCo content in the composite is increased,
the conduction band minimum (Ecg) gets upshifted versus the
vacuum level (E,,.). The upshifting of Ecg in the composite
can be explained based on the formation of a p-n type
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Figure 9. A plausible mechanism of Fermi level alignment and formation of p—n heterojunction between BCNFCo and CN.

heterojunction between p-type BCNFCo and n-type CN. As
we know the formation of heterojunction involves Fermi level
alignment. Before contact with CN, the p-type BCNFCo was
electron-deficient; however, after contact with CN, the elec-
trons from the CN were transferred to the BCNFCo com-
pensating the positive hole leading to Fermi level
equilibration. During Fermi level alignment, the CB of
BCNFCo gets upshifted due to the accumulation of excessive
electrons from CN and a built-in electric field is generated
which facilitates the transfer of electrons from BCNFCo to
CN in the depletion layer (figure 9). The translation of the flat
band potential to the RHE (NHE) scale which is usually used
for the expression of redox potential gives the following
values of Vj, for the various BCNFCo/CN composites:
—0.17, —0.253, —0.13, —0.12, —0.28 and —0.34 V versus
NHE at pH-0. The more negative CB compared to the
reduction potential of hydrogen (H*/H,; 0.00 V versus NHE
at pH-0) suggests all the composites can catalyze the process
of hydrogen evolution.

PL spectra (figure 5(b)) show that the bound exciton in
CN is not dissociated at the BCNFCo/CN interface. There-
fore, the dramatic improvement of photoelectrochemical
performance in the 40% BCNFCo/CN photoanodes does not
derive from improved separation and collection of photo-
generated excitons in CN. Instead, the increased photocurrent
density (J,n) derives from better separation and utilization of
electron-hole pairs generated in BCNFCo. Individually, bare
CN and bare BCNFCo photoanodes generated maximum Jp,
values of 0.4 and 0.55 mA cm ™2 respectively under AM1.5 G
illumination at an applied bias of 0.6V versus Ag/AgCl
(figures 6(a) and (b)). Under identical conditions, the 40%
BCNFCo/CN photoanode generates ~1.5 mA cm 2, which
is higher than the sum of the maximum photocurrent densities
generated by the bare CN and bare BCNFCo photoanodes. In
figures 7(c) and (d), it is clear that the 40% BCNFCo/CN
hybrids show a photoresponse all the way down to 640 nm,
where the CN does not even absorb. Therefore, the increased
photoelectrochemical performance derives from better
separation of carrier-pairs generated in BCNFCo.
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The better charge separation and migration in BCNFCo/
CN nanocomposite were further confirmed by EIS measure-
ment which demonstrates a smaller arc of the semicircle in the
Nyquist plot for composite materials (lower charge transfer
resistance) (figure S12). The pristine BCNFCo and CN
samples exhibit rather a high charge transfer resistance (Rcrt)
values of 219.5 €2 and 264.7 {2 respectively (table S2) due to
the absence of a heterojunction to facilitate charge separation.
The 10% BCNFCo/CN sample exhibits the highest Rcr
value (pink curve in figure S12(a)) due to an inadequate
amount of the p-type component of the heterojunction
resulting in more dead-ends for holes. As the amount of
BCNFCo is increased in the nanocomposites, there exists a
sufficient amount of both the n- and p-type components of the
heterojunction to ensure charge separation and also deliver
holes to the electrolyte species. Therefore, we see the Rcr
value dropping sharply for the 20% BCNFCo/CN, 30%
BCNFCo/CN and 40% BCNFCo/CN samples with the
lowest charge transfer resistance of 39.84 (2 seen for the 30%
BCNFCo/CN sample. However, charge transport limitations
become increasingly important as the amount of BCNFCo is
further increased. The poor carrier transport in the BCNFCo
phase increases the series resistance (Rs) of the sample and
concomitantly increases the charge transfer resistance. Thus
we see the 40% BCNFCo/CN and 50% BCNFCo/CN
samples exhibiting both a higher Ry and Rct than the 20%
BCNFCo/CN and 20% BCNFCo/CN samples. At the same
time, BCNFCo is the primary photon absorber with a band-
edge that extends to well beyond 700 nm as shown in
figure 5(a). As the amount of BCNFCo is increased, the
number of generated electron—hole pairs is also increased
albeit with a higher fraction recombining due to charge
transport limitations (also accounting for the larger arc for the
40% BCNFCo/CN sample in figure S12(b)). As a con-
sequence of the trade-off between light absorption and charge
separation, the 40% BCNFCo/CN blend exhibits the best
photoelectrochemical performance as shown in figure 6.

To explain the improved photocatalytic performance, a
plausible mechanism was proposed based on optical band
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gap/electronic band positions and existing literature. For self-
sustained water splitting under solar light, the bandgap of
materials should be higher than 1.23 eV with a conduction
band position more negative than 0.00 V versus NHE at pH-0
(water reduction potential, H" /H,) while the position of the
valence band should be more positive than +1.23 V versus
NHE at pH-0 (water oxidation potential, H,O/O,) [127]. The
calculated optical band gap value of BCNFCo was found to
be 0.69eV, demonstrating its inability to perform water
splitting by itself. Further, the poorly oxidative valence band
(0.68 eV below the Fermi level) also prevents BCNFCo to
work as a stand-alone photocatalyst for water splitting which
explains the observation of a small photocurrent in PEC. On
the other hand, CN has a bandgap of 2.58 eV with CB and VB
positions of —0.37 and +2.27 V respectively, calculated from
Mott—Schottky measurement and optical band gap, suggest-
ing CN has the potential to facilitate water splitting reaction.
However, the absorption of CN is limited to the blue region of
the solar spectrum and prevalent inter-sheet charge recombi-
nation decrease the PEC performance. The formation of a
nanocomposite between BCNFCo and CN significantly
increased the photocatalytic performance for 40% BCNFCo/
CN materials. The boosted photocatalytic performance can be
explained due to the formation of p—n type heterojunction and
better charge separation in BCNFCo/CN nanocomposite as
evident from the lower Rct of 40%BCNFCo/CN than pris-
tine CN and BCNFCo (figure S12) [128-131]. The p-type
BCNFCo interacts with n-type CN leading to charge transfer
from CN to BCNFCo during the Fermi level alignment and
forms p—n heterojunctions shown in figure 9. This Fermi level
alignment upraised the CB position of BCNFCo. In
BCNFCo/CN heterojunction, due to the presence of charge
gradient originated from the accumulation of negative charge
on BCNFCo and the positive charge on CN interface, an in-
built electric field is generated across the depletion layer. Due
to the establishment of p—n heterojunction and the presence of
an in-built electric field the photogenerated electrons are
transferred to the conduction band of CN while holes move in
the opposite direction. In photoelectrochemical conditions,
BCNFCo after absorption of visible light transfers photo-
generated electrons to the conduction band of CN from where
the electrons are transported to the Pt cathode through the
external circuit to reduce protons in the electrolyte to
hydrogen while holes left in the VB of BCNFCo are sca-
venged by Na,SO,.

3. Conclusion

This is the first report on the use of double perovskites as
narrow bandgap semiconductors for light harvesting appli-
cations. A nanocomposite of double perovskite oxide with
Ba2CaO,GGNbO.GgFeo_33C00_33O(,,5 Composition and g-C3N4
was prepared by a facile mixing/sonication approach in
DCB/glycerol solution. The extensive mixing leads to inter-
calation of solvents in between the sheets which afford few-
layered carbon nitride sheets wrapped around the perovskite
material. The materials characterization with various tools
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confirms the formation of nanocomposite between two
materials. HR-TEM and Raman validate the presence of
carbon nitride in a few-layered sheet structure which provides
a charge transport pathway to facilitate better charge separa-
tion in the composite materials. Among various wt% com-
positions of composite 40%BCNFCo/CN nanocomposite
displayed the highest photocurrent density (1.5 mA cm 2)
under solar simulated AM1.5G irradiation. A particularly
promising result is the observation of a distinct photoresponse
at 640 nm in most of the blends, which is attributable only to
absorption by the double perovskite since CN does not absorb
at this wavelength. This result indicates electron—hole pairs
generated in the double perovskite are separated and perform
useful work.
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