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Abstract
Quinary and senary non-stoichiometric double perovskites such as Ba2Ca0.66Nb1.34−xFexO6−δ

(BCNF) have been utilized for gas sensing, solid oxide fuel cells and thermochemical CO2

reduction. Herein, we examined their potential as narrow bandgap semiconductors for use in solar
energy harvesting. A cobalt co-doped BCNF, Ba2Ca0.66Nb0.68Fe0.33Co0.33O6−δ (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-C3N4 (CN) was prepared via a facile solvent-assisted exfoliation/blending approach using
dichlorobenzene and glycerol at a moderate temperature. The exfoliation of g-C3N4 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−2 for sunlight-driven
water-splitting with a Faradaic efficiency as high as ∼88%.
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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].

Hydrogen generation from water is a key reaction for obtaining
low-density fuel that can later be transformed into other higher
hydrocarbons using greenhouse CO2 by the Fischer–Tropsch
process [6–9]. The last several decades were dedicated to the
development of inorganic semiconductor photocatalysts, parti-
cularly TiO2 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,
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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, CO2 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 (ABO3) 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 SrTiO3, CaxTiyO3, CoTiO3, LaMnO3,
LaCoO3, LaNiO3, PbZrO3, NaNbO3, KNbO3, SrNbO3,
NaTaO3, CaSnO3, CaVO3, SrVO3, etc have wide band gaps
exceeding 3.0 eV due to which they harvest a small portion of
the solar spectrum [22]. BiFeO3 has a moderate bandgap of
2.2 eV. There has been far less work on low bandgap oxide
perovskites (Eg< 2 eV) for photocatalysis. Members of a
subclass of the oxide perovskite family called double per-
ovskites with a general formula A2B′B″O6 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, CO2 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].
Ba2Bi1.4Nb0.6O6 [35, 36], SrNb0.1Co0.7Fe0.2O3–δ perovskite
nanorods (SNCF‐NRs) [37] and layered NdBaMn2O5.5 [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-C3N4, CN), a polymeric
semiconductor composed of tri-s-triazine (heptazine, C6N7)
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, CO2

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 (ECB, –

1.1 eV and EVB, + 1.6 eV) in g-C3N4 [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, MoS2/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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[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, Ba2Ca0.66Nb0.68Fe0.33Co0.33O6−δ (BCNFCo), and
few-layered CN synthesized via a simple solvent assisted
exfoliation accompanied by mild heating. The CN sheets
wrapped around the Ba2Ca0.66Nb0.68Fe0.33Co0.33O6−δ 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−2) as well as its aromaticity and
resulting π–π 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
Ba2Ca0.66Nb0.68Fe0.33Co0.33O6−δ (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 BaCO3, CaCO3, Nb2O5, Fe2O3,
and Co3O4 [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 293.8 eV assigned to 1s-π* and 1s-σ*

electronic transition of sp2 hybridized carbons trigonally coor-
dinated with nitrogens in heptazine motif (figure S1) [78–80].
The intense π* C K-edge signal demonstrates conjugated π

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-π* and 1s-σ* electronic trans-
ition of sp2 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 0.27 nm ascribed to BCNFCo
(figure 2(f)). Another high magnification HR-TEM image at
5 nm 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

Figure 1. Synthesis protocol for formation of Ba2Ca0.66Nb0.68Fe0.33Co0.33O6−δ/g-C3N4 (BCNFCo/CN) nanocomposite.
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shows lattice fringes with 0.27 nm interplanar d-spacing
assigned to Ba2Ca0.66Nb0.68Fe0.33Co0.33O6−δ 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)–(l) and S2(j)–(o)). 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: C1s, N1s and O1s; W6: Ba3d, Ca2p,
Nb3d, Fe2p and O1s and BCNFCo/CN: Ba3d, Ca2p, Nb3d,
Fe2p, C1s, N1s and O1s) 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 C1s 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 sp3 hybridized adventitious and turbostratic
carbons, while the peaks at 286.2 and 288.1 eV were assigned
to sp2 hybridized C–(N)3 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 404.4 eV (figure
S4(c)). The XPS peaks at 398.6 and 399.7 eV were assigned
to secondary C= N–C and tertiary N–(C)3 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 (–NH2) [82, 85–87]. Additionally,
a small peak at 404.4 eV originated due to π–π* transition in
the conjugated aromatic system. HR-XPS in the O1s region of

Figure 2. TEM images of CN (a) low magnification image at 0.5 μm 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. (e) 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.
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CN was deconvoluted into three peaks component centered at
531.7, 533.5 and 534.8 eV corresponding to C= O, N= C–O
and –OH oxygens of adventitious oxygen and oxidized
terminal carbons (figure S4(d)) [88].

The HR-XPS spectra of Ba2Ca0.66Nb0.68Fe0.33

Co0.33O6−δ (BCNFCo) in Ba3d region displayed two main
peak components located at 779.4 and 794.8 eV originating
from Ba3d5/2 and Ba3d3/2 orbital splitting of Ba2+ in
BCNFCo 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 350.2 eV were assigned to Ca2p3/2 and Ca2p1/2 peak
components of Ca2+ state (figure S5(c)) [29]. The two intense
peak components in Nb3d region at 205.9 and 208.7 eV were
assigned to Nb3d5/2 and Nb3d3/2 components of Nb present
in 5+ oxidation state (figure S5(d)) [91, 92]. Fe2p region of
BCNFCo displayed two main peaks due to Fe2p3/2 and
Fe2p1/2 orbital splitting (figure S5(e)). The Fe2p3/2 peak was
deconvoluted into two components at BE value 710.5 and
713.4 eV assigned to Fe present in Fe3+ and Fe2+ 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
O1s region displayed three peaks at 528.4, 529.2 and
530.9 eV assigned to oxygen atoms present in the lattice
structure, C= O and –OH of adsorbed oxygens respectively
[38, 96]. The relatively intense C= O 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 3219 cm−1. The absorption band at ca.
533 cm−1 was assigned to the characteristic metal-oxygen
stretch (M-O) while another peak at 3219 cm−1 originated
due to O–H stretching (νO–H) vibration. Other IR peaks at
1035, 1568 and 2840 cm−1 appeared due to the presence of
the residual solvent used for the formation of the film. The

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 (l) composite of Ba, Ca, Co, Fe, Nb, O, C and N.
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