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Abstract

A fluorine-doped, chlorine-intercalated carbon nitride (CNF-CI) photocatalyst has been
synthesized for simultaneous improvements in light harvesting capability along with suppression
of charge recombination in bulk g-C3N4. The formation of heterojunctions of these CNF-CI
nanosheets with low bandgap, earth abundant bismuth oxyiodide (BiOI) was achieved, and the
synthesized heterojunctions were tested as active photoanodes in photoelectrochemical water
splitting experiments. BiOI/CNF-CI heterojunctions exhibited extended light harvesting with a
band-edge of 680 nm and generated photocurrent densities approaching 1.3 mA cm™ under AM1.5
G one sun illumination. Scanning Kelvin probe force microscopy (KPFM) under optical bias
showed a surface potential of 207 mV for the 50% BiOI/CNF-CI nanocomposite, while pristine
CNEF-CI and BiOI had surface photopotential values of 83 mV and 98 mV respectively, which in
turn, provided direct evidence of superior charge separation in the heterojunction blends. Enhanced
charge carrier separation and improved light harvesting capability in BIOI/CNF-CI hybrids were
found to be the dominant factors in increased photocurrent, compared to the pristine constituent

materials.

Keywords: Carbon nitride nanosheets, earth abundant semiconductors, semiconductor

photocatalyst, charge carrier recombination, photophysics of carbon nitrides.

1.0 Introduction

Photocatalysis technology has the potential to address both steadily rising global energy demand
and environmental pollution issues [1]. Water-splitting photoelectrochemical cells (PECs) have
several advantages over other renewable energy device technologies since a PEC harvests plentiful

and inexhaustible solar energy and converts water into hydrogen, which is a portable, high energy



density fuel. The performance of a photoelectrocatalyst depends on several aspects of a complex
process, such as band positions, light harvesting, charge excitation, charge separation, charge
transfer and surface electrocatalytic reactions [2]. Therefore the overall efficiency is a function of
the efficiencies of all these individual steps, a fact that has motivated a search for ideal
photocatalytic systems with optimized electronic bandgaps, facile charge separation, adequate
carrier transport, morphologies and dimensions comparable to carrier diffusion lengths, high
density of active surface sites, etc. Several oxide/sulfide based semiconductors such as TiO», ZnS,
CdS, ZnO, BiVOs, and complex composition materials i.e. La- and Rh-codoped SrTiOs;
(SrTiOs:La, Rh) have been explored as photoanodes for water splitting. However, no
photoelectrocatalyst has achieved a satisfactory performance for the deployment of PEC
technology at an industrial scale [3, 4].

Graphitic carbon nitride (g-C3N4), a metal-free two-dimensional conjugated semiconducting
polymer, composed of tris-s-triazine (CsN7) units linked together with tertiary nitrogen is currently
being intensely studied for the realization of efficient artificial photosynthetic systems [2, 5-14].
g-C3N4 and related graphenic frameworks are particularly promising for PECs because of the
following reasons: (i) They are constituted of earth abundant elements (carbon and nitrogen) (ii)
They have relatively simple, scalable and inexpensive methods of synthesis (iii) g-C3Ns has a
moderate bandgap (2.7 eV) with suitable band-edge positions (Ecb: -1.1 V and Evb: +1.6 V vs
NHE at pH-0) for water-splitting and (iv) They possesses good thermal stability (stable up to 600
°C), photochemical stability (non-photocorrosive) and chemical stability (resistant to strong acids
and bases) [2, 6, 7, 9, 15]. Despite these attractive features, g-C3N4 suffers from fast charge carrier
recombination and narrow visible light absorption limited to the blue region of the solar spectrum

[14]. Many attempts have been made to improve the light absorption capability, such as surface



area modification, doping with P, N, F, I, Cl, B efc and incorporation of N-rich units in cross-
linked heptazine framework [16-21]. The synthesis of F-doped carbon nitride using ammonium
fluoride (NH4F) as a dopant material revealed that F atoms are bonded to C atoms in the corners
and bays through transformation of sp? C to sp® C [22]. This shifts the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) positions and results in a
reduced bandgap and enhanced photocatalytic performance [22]. Bulk g-C3N4 possesses hydrogen
bonding between graphitic sheets, which remains a potential source of localized interlayer charge
recombination, detrimental to photocatalytic activity. Therefore, few-layered or single-layered
crystalline sheets (with periodic heptazine units) are highly desirable to realize better charge
separation through the suppression of inter-layer charge recombination [23-25]. Several attempts
have been made to transform bulk g-C3N4 into few-layered or single-layered nanosheets namely,
solvent exfoliation, oxidation, varying precursors, etc [26-29]. In this regard, using sheets-
forming-precursor is most attractive as it precludes hazardous chemicals involved in chemical
exfoliation [30, 31]. Lu et al. demonstrated the use of ammonium chloride (NH4Cl) with
dicyandiamide; the carbon nitride precursor released NH3 and HCI gases during thermal annealing
which blew dicyandiamide derived polymers into numerous large bubbles, which behaved as gas
templates and yielded few layered g-C3N4 nanosheets [30]. In another report Liu et al. showed that
NH4Cl not only assisted in the transformation into sheets but excess NH4Cl also facilitated chlorine
intercalation in between g-C3N4 sheets which acted as a charge transport gallery to reduce the
recombination rate and improved the porous structure [19]. Motivated by these findings, we have
demonstrated the synthesis of few-layered fluorine-doped and chlorine-intercalated carbon nitride
nanosheets (CNF-CI) using dicyandiamide as a precursor for carbon nitride skeleton while NH4F

and NH4Cl were used as sources for F and Cl (sheets determining agent) respectively.



Recently, earth abundant ternary compound semiconductors from the bismuth oxyhalide
(BiOX, X = Cl, Br, I) family have received significant attention for their high photocatalytic
activities owing to small bandgaps (1.7 — 1.9 eV) and suitable nanomorphology. Narrow bandgap
BiOI possesses a layered crystal structure in which positive [Bi»02]** layers are interleaved with
negatively charged iodide slabs [32-36]. This creates an internal built-in electric field which
facilitates the separation and transport of photogenerated electron-hole pairs [37-41]. Another
attractive feature of the BiOI band structure lies in its dispersive nature, which enables excitation
of electrons through multiple pathways [40]. Despite the above mentioned attributes, BiOI remains
a poor photocatalyst due to many unwanted features such as low conductivity, fast charge
recombination, etc [38, 40]. The key scientific challenge therefore is to achieve a much higher
photocatalytic and/or photoelectrochemical performance using BIOI-based platforms. Recently,
certain research groups have reported the photocatalytic performances of BiOl-based type-II
heterostructures [42-49]. In this work, we have attempted to suppress interlayer charge
recombination of bulk carbon nitride by two efficient, facile and cost-effective steps, namely (1)
formation of few layered fluorine-doped and chlorine-intercalated nanosheets (CNF-C1) and (2) in
situ growth of heterojunctions of CNF-CI with BiOI. The resulting BiOI/CNF-CI heterojunctions
showed remarkable improvement in the measured photocurrent densities under AM1.5 G one sun
illumination. BiOI/CNF-CI demonstrated excellent photoelectrochemical H» evolution rate (19.71
umol h') and Faradaic efficiency (82.83%) in comparison to pristine BiOI and CNFCI. The
superior performance of the nanocomposite catalysts is attributed to the enhanced charge

separation and improved light harvesting capability.

2.0 Results and discussion

2.1 Synthesis, Morphological, structural and compositional analysis
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Figure 1. Synthetic outline for the preparation of F doped Cl-intercalated g-C3N4 (CNF-Cl) and BiOI/CNF-Cl

nanostructured heterojunction.

The synthesis of few layered F doped Cl-intercalated carbon nitride (CNF-Cl) sheets was pursued
by thermal annealing of dicyandiamide, NH4F and NH4Cl1 at 550 °C through a slight modification
of previous reported methods (Figure 1) [19, 22, 30]. In this synthesis protocol dicyandiamide
serves as the source of carbon and nitrogen. High temperature condensation polymerization of
dicyandiamide yields heptazine (C¢N7) units containing g-C3N4 framework via melamine, melon,
melem, intermediates and evolution of ammonia. NH4F facilitates fluorine doping of heptazine
moieties because of degradation of NH4F during thermal annealing and released F atom make
bonds to heptazine ring carbons. The incorporation of electron withdrawing F atoms in g-C3N4
scaffold transforms some sp? hybridized C atoms in to sp’ C which partially distorted in-plane

symmetry of conjugated network resulting in the shifting of HOMO and LUMO positions (band



edge positions) and a reduction of the bandgap [22]. NH4Cl plays a dual role in the synthesis - 1)
facilitating the formation of few layered sheets due to release of NH3 and HCI gases at elevated
temperature that blow dicyandiamide-derived polymers into numerous large bubbles, yielding F
doped g-C3N4 nanosheets [30] and 2) chlorine intercalation in between g-C3N4 layers. The chlorine
intercalation in between few layered F-doped carbon nitride sheets provides interlayer galleries for
better charge migration along with uplifting of the conduction band and a narrower bandgap [19].
The detailed experimental protocols and physicochemical characterization methodologies i.e.
Fourier transform infrared spectroscopy (FTIR), Electrochemical impedance spectroscopy (EIS)
and Mott-Schottky plots, efficiency calculations (ABPE, IPCE, APCE and Faradaic efficiency)
and reuse experiment results are provided in Supporting Information.

The fine morphological attributes of BIOI/CNFCI composite to discern the presence of CNF-
Cl sheets and dendritic BiOI nanoplates were determined using high-resolution transmission
electron microscopy (HR-TEM). The HR-TEM image of BiOI/CNF-CI clearly shows dense and
more crystalline domains correspond to BiOI while less dense domains indicate CNF-CI in the
heterostructure (Figure 2a-2c¢). High magnification HRTEM image displayed lattice fringes of
CNEF-CI and BiOI with interplanar d-spacing of 0.32 and 0.28 nm assigned to (002) plane of CNF-
Cl and (110) plane of BiOI respectively (Figure 2b-2c) [45, 50]. The obtained d-spacings were in
excellent agreement with XRD results (Figure 3a). The presence of (002) plane specific to
graphitic structure suggests CNF-Cl sheets were stacked together in the BiOI/CNF-CI
nanocomposites. The overlapping of these materials onto each other is unambiguously evident in
Figure 2b, where both the crystal lattices are identified in the same region. Figure 2e shows the
FESEM image of BiOI/CNF-Cl composite, where both stacked layers comprising the two

materials are visible, in agreement with the TEM images. A closer observation reveals the



hydrothermally synthesized dendritic BiOI nanoplates scaffolded with CNF-Cl framework.
Elemental mapping BiOI/CNF-CI heterojunction in scanning transmission electron microscopy
(STEM) mode clearly showed even distribution of the Bi, I and O in dense region and C, N and F
in both less dense and dense regions (Figures 2f-21 respectively). Due to the partial overlap of Bi
and Cl peaks, pristine CNF-CI was also mapped which clearly demonstrates the presence of Cl in
nanosheets [51]. Figures 2m-3q show the constituent elements of CNF-Cl, C, N, F and Cl

respectively.

Figure 2. (a) HRTEM image of 50% BiOI/CNF-Cl; (b) and (c) Selected magnified regions of (a) showing crystal
planes of CNF-Cl and BiOl; (d) Bright field STEM image of 50% BiOI/CNF-Cl; (e) FESEM image of 50% BiOl/CNF-
Cl film, (f) and (m) Bright field STEM images of 50% BiOI/CNF-Cl and pristine CNF-Cl respectively; (g-1) EDX
elemental mapping of 50% BiOI/CNF-Cl under STEM mode for C (g), N (h), F (i), Bi (j), I (k) and O (l); (n-q) EDX

elemental mapping of pristine CNF-Cl under STEM mode for C (n), N (o), F (p), and Cl (q).

The XRD spectra of CNF-CI exhibited a broad peak centered at ~ 27.1° corresponding to the
(002) plane which indicates interlayer stacking of conjugated aromatic sheets, with a 0.33 nm

interlayer d spacing, while the other small peak at 13.1° corresponding to the (100) reflection
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represents in-plane repetition of tri-s-triazine unit, consistent with previously reported data for g-C3Ny
(Figure 3a) [13, 52]. This d spacing was slightly higher than reported for pristine g-C3N4 (0.32
nm), which might be due to the increased repulsion between sheets caused by out-of-plane F atoms
[53]. The XRD plot for pristine BiOI demonstrated all the peaks associated with tetragonal phase
of BiOI which was in good agreement with reported literature [43, 54]. As expected, the XRD
peak intensities of BiOI decrease, while these intensities increase for CNF-Cl with the increase of
CNEF-CI wt% in the BiOI/CNF-CI composites. The appearance of both (002) and (100) peaks of
CNF-CI in the composite heterostructures, confirms the presence of CNF-Cl with preserved

graphitic carbon nitride framework.
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Figure 3. (a) X-Ray diffractograms of pristine BiOI, BiOI/CNF-CI composites and pristine CNF-CI and (b)

Raman spectra (Aexe = 785 nm) of pristine CNF-Cl, pristine BiOI and BiOI/CNF-ClI heterostructures.

Figure 3b shows the Raman spectra for pristine CNF-Cl, BiOI and BiOI/CNF-CIl the
heterostructures. Two characteristic peaks in between 1300 and 1600 cm™! assigned to D and G
bands of graphene-based materials were clearly visible in the Raman spectra of the pristine CNF-
ClI and their composites with BiOI. The D band is associated with the out of plane vibrations of

sp’ carbon atoms, representative of defects and disorder in the systems, and the G band is assigned



to E,, phonons at I" point, which originates from the in-plane vibrations of sp? carbon atoms [55,

56]. Unlike graphene or graphene oxide based materials, carbon nitride based materials do not
exhibit sharp D and G bands due to plenty of defects and short range ordered structure. The relative
intensities of the Raman peaks corresponding to the D and G bands, provide an indication of
defects and order in carbon nitride materials. In pristine bulk g-C3Ny, Ip/Ic=0.36, which increases
to 0.82 in fluorinated g-C3N4 due to increased disorder [57]. In both pristine CNF-CI and the CNF-
Cl containing composites prepared by us, the ratio Ip/Ig ~ 0.74, close to that of fluorinated g-C3Na.
The almost unchanged intensity ratio (/p/Ic) of these bands, in the BiOI/CNF-CI nanocomposites,
compared to the pristine CNF-Cl is indicative of unperturbed crystallinity, order and in-plane sp?
domain size in the nanocomposites, consistent with the XRD results. The relatively smaller peak
around 714 cm™, which has been attributed to the out of plane C—C vibrations [58], is present in
the spectrum of both pristine CNF-CI and BiOI/CNF-CI heterostructures. The sharp Raman peaks
at the lower wavenumbers are vibrational modes of BiOI. The peak at 148 cm™ is assigned to the
E, internal Bi-I stretching mode [59]. As expected, the relative intensities of the D and G bands

of CNF-Cl decreased in BiOI/CNF-CI composite as the wt% of BiOlI increased.

2.2 Photophysical properties

Prior to the photocatalytic testing experiments, we studied the photophysical properties of
conventional bulk g-C3N4, as-prepared CNF-CI, pristine BiOI, and BiOI/CNF-CI nanocomposites
using UV-Vis spectroscopy (collected in diffuse reflectance mode), steady state
photoluminescence (SSPL) spectroscopy and time resolved photoluminescence (TRPL). Figure
4a shows the UV-Vis absorption spectra of these materials. CNF-CI shows an absorption band ~
270 nm due to m—7* transition that originates from the two-coordinated nitrogen vacancy in the

conjugated ring, while another band around 380 nm with band tail extended up to 500 nm, is
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believed to originate from the n—n* transition, associated with N lone pair electrons in
triazine/heptazine rings [60, 61]. The fluorine doping and chlorine intercalation in CNF-CI
improves visible harvesting over conventional g-C3N4 by generating a ca. 50 nm redshift in the
optical absorption. Despite the red-shifted absorption, the bandgap of pristine CNF-CI is still
relatively large, while the composite heterojunction with a small bandgap material, such as BiOI
improves the light harvesting capability to a significant extent. Pristine BiOI exhibits a band-edge
at ~ 680 nm. Two clear band edges, corresponding to CNF-C1 and BiOlI, can be seen from the plots
of nanocomposite heterostructures (Figure 4a). Further, bandgaps of the as-prepared materials
were estimated using Tauc plots (Figure 4b) through extrapolation of the linear regions of graphs

between (ahv)!?

vs hv on abscissa where a is the absorption coefficient, 4 is Planck’s constant and
v is the frequency of light. The effective bandgaps of g-C3Na, pristine CNF-CI, pristine BiOI, 10%
BiOI/CNF-Cl, 25% BiOI/CNF-Cl, 50% BiOI/CNF-CI and 75% BiOI/CNF-CIl were found to be
2.46,2.05eV,1.88eV,1.86eV, 1.88¢eV, 1.81 eV and 1.88 eV respectively. The observed bandgap
of g-C3Ny4 was slightly lower than reported value for bulk g-C3N4 (2.7 eV) which might be due to
the use of dicyandiamide precursor instead of melamine and programmed annealing which also
affects the degree of polymerization and stacking pattern modifying the bandgap [62-65]. The
reduction in the bandgap of fluorinated carbon nitride, compared to g-C3N4 was attributed to the
successful doping of F into the C—N matrix, in contrast to counterion-bounded F [22]. The pristine
BiOI and BiOI/CNF-CIl composites demonstrate almost similar bandgap (~1.88 eV) suggesting

major absorption was dominated by BiOI. These bandgap values clearly indicate the superior light

absorption capabilities of the nanocomposite heterostructures, compared to pristine CNF-CI.
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Figure 4. (a) UV-Vis absorption spectra collected in diffuse reflectance spectroscopy (DRS) mode and (b) Tauc
plots for the determination of the effective optical bandgaps of pristine g-C3Ny, pristine CNF-Cl, pristine BiOl
and BiOI/CNF-CI heterostructures. (c) Steady state photoluminescence spectra (Aexe = 360 nm) and (d) Time
resolved photoluminescence spectra (Aexe = 405 nm) for conventional g-C3Ny, pristine CNF-CI and BiOl/ CNF-

Cl heterostructures.

Steady state photoluminescence (SSPL) spectra of the investigated pristine and composite
materials are presented in Figure 4c. CNF-CI shows an intense and broad SSPL peak centered at
~ 500 nm, indicative of a fast band-to-band radiative recombination process of photogenerated
electrons and holes. The emission peak of CNF-Cl was red-shifted by ca. 50 nm from the emission
peak of bulk g-C3N4, and is similar to the absorption shift seen in Figure 4c. The ~ 50 nm redshifts

in both the absorption and emission spectra clearly demonstrate the distinct optoelectronic
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properties of CNF-CI in comparison to g-C3Ns. The SSPL signals for BiOI/CNF-Cl
heterostructures were quenched significantly compared to the pristine CNF-CI, suggesting
efficient charge transfer between BiOI and CNF-CI. These results were similar to the previously
reported works of nanocomposite systems comprising BiOI and g-C3N4 [44, 45]. Notice that a
significant blue shift can be observed in the emission spectra of the nanocomposites, relative to
pristine CNF-CI. While no conclusive reason has been identified, electronic interactions between
CNEF-CI and BiOI might be responsible for this shift through affecting the relative strength of the
n—n* and n—>7* transitions in the composite heterostructures. Time resolved photoluminescence
(TRPL) spectra were collected (Figure 4d), and fitted to a tri-exponential decay function of the
form:
I(t) = A1e™+ Are™? + Aze™? (1)

where, A1, A> and A3 represent normalized percentage of each decay components and 71, 72 and 73
are the lifetimes of each decay component respectively. The presence of three lifetime decay
components in most of the fitted curves, is in accord with previously reported TRPL data for
carbon nitride-based materials [66, 67]. Table 1 shows the lifetime decay constants, average
lifetime and curve-fitting parameters for conventional g-C3Na, pristine CNF-CI and BiOI/CNF-CI
nanocomposites. The longest lifetime component in the emission decay g-C3Ns (14.83 ns in Table
1) was extended to 61.73 ns in CNF-Cl together with a strong enhancement of its relative intensity,
which provides definitive evidence for the suppression of non-radiative recombination pathways
due to chlorine intercalation-mediated increased separation between adjacent stacked sheets. The
PL decay data taken together with the UV-Vis and steady state PL spectra provides further

evidence for the distinct optoelectronic properties of CNF-CI in comparison to bulk g-C3Na.
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The carbon nitride framework is constituted of tri-s-triazine (heptazine; CsN7) units where
sp’ hybridized carbon and nitrogen overlap together to give ¢ and © bonding and c* and m*
antibonding molecular orbitals. Nonbonded lone pair (LP) electrons on the secondary nitrogens
(C-N=C) also contribute to the delocalized  system which promotes formation of an intermediate
energy LP-n hybridized © molecular orbital (LP-rt hybridized MO) [67-71]. The observed first
lifetime decay component for g-C3N4 and CNF-CI was attributed to direct band-to-band radiative
recombination (antibonding ¢*— LP-n hybridized MO transition and antibonding n*— LP-n
hybridized MO) while the second decay component arises due to nonradiative relaxation of ¢*
electron to m* orbital followed by radiative recombination with LP-n hybridized MO (c*—n*
(non-radiative) and n*— LP-m hybridized MO (radiative) [72-74]. The value of the first lifetime
and its relative contribution for g-C3N4 was found to be 0.715 ns and 0.765 respectively while for
CNE-Cl, this value was determined to be 2.117 ns and 0.78 ns respectively. The increased first
lifetime of CNF-CI was attributed to the addition of F atom in heptazine motif breaking the
symmetry and transforming some sp? hybridized carbons to sp® carbon which increases the
population of relatively long lived 6*— LP-n hybridized MO transitions [22]. The second decay
lifetime of CNF-Cl increased to 12.96 ns in comparison to g-C3N4 (3.097 ns) which suggests that
the introduction of more electronegative F bonded to sp® C in heptazine motif promotes long lived
o*—LP-n hybridized MO transition via 6*—n* non-radiative relaxation mechanism. Further,
decrease in relative contribution (0.194) of the second lifetime of CNF-Cl compared to g-C3N4
(0.321) supports the theory that creation of sp® defects via fluorine atom doping reduces the
contribution of direct n*— LP-t MO recombination due to the reduced conjugation [75, 76].
Interestingly, the third lifetime specific to inter/intra-sheet radiative recombination for CNF-CI

was found to be 61.726 ns which was much higher than bulk g-C3N4 (14.827 ns). The increased
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third lifetime suggest better inter-sheets charge migration due to Cl-intercalation which provide

interlayer galleries [19]. Further formation of few layered sheets also facilitate charge separation

and reduce recombination resulting in an increased lifetime [66, 67, 77, 78].

Table 1. Summary of fitted parameters obtained from time resolved photoluminescence plots shown in Figure

6b for conventional g-C3Ny, pristine CNF-C1 and BiOI/CNF-CI composites.

Photocatalyst 77 (ns)/A; 72 (ns)/A; 73 (ns)/As Average | Reduced Adj.
lifetime 7 R’
7 (ns)
g-C3Ny 0.715/0.765 | 3.097/0.321 | 14.827/0.059 8.84 | 1.91 x 10° | 0.999
CNF-Cl1 2.117/0.780 | 12.960/0.194 | 61.726/0.023 23.06 | 290 x 107 | 0.999
10% BiOI/CNF-CI | 0.072/0.467 | 3.880/0.398 | 20.832/0.129 14.53 | 2.67 x 10 | 0.999
25% BiOI/CNF-CI | 0.153/0.441 | 2.867/0.441 | 16.626/0.114 10.89 | 7.75 x 107 | 0.999
50% BiOI/CNF-Cl 1.829/0.776 | 12.960/0.137 8.02 | 1.46 x 10 | 0.999
75% BiOI/CNF-Cl1 1.934/0.801 | 12.900/0.150 8.02 | 5.40 x 107 | 0.999

The average lifetime (zavg) is @ good metric to quantitatively evaluate the effectiveness of
electron-hole separation in the photocatalysts and was determined using the following equation:

Tavg = (A1T12 + At + A3T32)/ (A111 + Ao2 + A3T3)

2)

The average lifetimes of CNF-Cl, 10% BiOI/CNF-Cl, 25% BiOI/CNF-Cl, 50% BiOI/CNF-CI,
75% BiOI/CNF-CIl were found to be 23.06, 14.53, 10.89, 8.02 and 8.02 ns respectively. The
lifetimes of both the longest and second-longest PL decay components of CNF-CIl monotonically
decreased in the blends with BiOI with the effect saturating at a blend concentration of 50% and
higher. Average lifetimes are significantly reduced for the nanocomposites compared to the

pristine CNF-Cl, consistent with the quenching of SSPL intensity discussed earlier in this section.
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Moreover, the SSPL quenching follows same trend with the TRPL lifetime decay, with the
maximum quenching and decay occur for the 50% BiOI/CNF-Cl and 75% BiOI/CNF-CI
heterojunctions. The obtained steady state and transient photoluminescence spectroscopy results
suggest better charge separation in the nanocomposites compared to the constituent pristine

materials.

2.3 Photoelectrochemical activity test for water splitting

PEC tests were carried out using three electrode system (photocatalyst deposited FTO as anode,
Pt cathode and Ag/AgCl reference electrode and Na>SO4). From Figure 5a, it can be seen that the
obtained photocurrent density for pristine CNF-C] was a mere 0.28 mA cm™ at 1.23V vs RHE
(water oxidation potential) which suggests fast intersheet recombination of photogenerated
electron hole pairs. Further, due to a bandgap of 2.05 eV, the CNF-Cl absorbs only the high energy
fraction of the visible spectrum to generate electron hole pairs. Similarly, the obtained value of
photocurrent density for pristine BiOI was found to be a mere 0.40 mA cm™>. However, after
formation of heterojunction with CNF-ClI, the photoresponse of the resulting BiOI/CNF-CI hybrid
increased dramatically (Figure 8a). Among various wt% of BiOI (10% BiOI/CNF-Cl, 25%
BiOI/CNF-Cl, 50% BiOI/CNF-CI and 75% BiOI/CNF-CI) the nanocomposite composed of 50%
BiOI and 50% CNF-Cl displayed the highest photocurrent density (1.28 mA cm™). The
photocurrent densities for 10% BiOI/CNF-Cl, 25% BiOI/CNF-Cl and 75% BiOI/CNF-Cl
heterostructures were measured to be 0.34, 0.95 and 1.01 mA cm™ respectively. The improved
PEC performance of BiOI/CNF-Cl hybrid structure clearly demonstrates improved charge
separation due to formation of heterojunction and better charge transport on the surface of

conjugated carbon nitride sheets. To validate the true origin of photocurrent and instantaneous
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photoresponse of materials, photocurrent was measured during light On-Off cycles which clearly

displayed rise and drop in photocurrent in On-Off cycles (Figure 5b).
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Figure 5. (a) Photocurrent of pristine CNF-CI, pristine BiOI and BiOI/CNF-CI composite catalysts under AM1.5
G one sun illumination; (b), (c) and (d) Light on-off experiment for pristine CNF-Cl, pristine BiOI and 50%
BiOI/CNF-CI1 under AM1.5 G one sun illumination, 425 nm (54.15 mW c¢m™2) and 505 nm (40.48 mW cm2)

LEDs respectively.
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To discern the PEC performance of the synthesized materials at visible wavelengths, the
photocurrent response of materials during On-Off cycles was measured using monochromatic 425
nm and 505 nm wavelength LEDs having a power density of 54.15 and 40.48 mW cm™
respectively at the surface of photoanode (Figures 5¢ and 5d). In comparison to pristine CNF-CI
and BiOlI, the photocurrent response of heterostructured BiOI/CNF-Cl was much higher which
demonstrates synergistic charge separation due to the formation of a heterojunction. The
photocurrent densities for pristine CNF-CI, BiOI and heterostructure BiOI/CNF-CI under 425 nm
monochromatic irradiation were obtained to be 0.08, 0.12 and 0.24 mA cm™ respectively (Figure
8c). Under 505 nm irradiation the photocurrent densities for CNF-CI, BiOI and heterostructure
BiOI/CNF-CI were found to be 0.04, 0.06 and 0.18 mA cm™ respectively (Figure 5d). 505 nm
photons are primarily absorbed by BiOI (see UV-Vis spectra in Figure 4a). Under illumination by
the 505 nm LED, the pristine BiOI photoanode exhibits a slow rise in photocurrent during each
On cycle (red curve in Figure 5d) which is characteristic of the presence of a large number of
carrier traps; the photocurrent rises as traps are filled by photogenerated carriers. On the other
hand, the BiOI/CNF-Cl photoanode displayed intense spikes instantaneously during light on cycles
which decreased and reached a steady state. The spike in photocurrent is due to the instantaneous
movement of a large number of photogenerated charge carriers because of fast charge separation
in the BiIOI/CNF-CI heterojunction. We attribute the near-exponential decrease in current to reach
steady state during each on cycle to trap mediated recombination in BiOIl. The EIS Nyquist plot
revealed a smaller semicircle arc for the 50% BiOI/CNF-CI in comparison to pristine films and
other blends evidencing a lower charge transfer resistance at semiconductor-electrolyte interface
for this composition. Further, the calculated recombination lifetime values were shorter for

BiOI/CNFCI heterojunctions suggesting lower resistance for hole transfer to electrolyte and better
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charge separation within the heterostructures (see Section 4.0 in ESI, Figure S2-S4 and Table S1).
The positive slope in Mott-Schottky plot (C=V curves) shows n-type conduction of the materials
and the calculated flat band positions (Vgg) of CNF-CI, BiOI, 25% BiOI/CNF-CI, and 50%
BiOI/CNF-CI were calculated to be -0.461, -0.418, -0.521 and -0.675 vs NHE scale at pH-0 (ESI;
Section 4.0, Figure S2 and S4).

The light harvesting performance and efficiency of subsequent transformation into electrical
energy were calculated from the diagnostic efficiencies under applied bias and irradiation
conditions (Figure 6) [79, 80]. The applied bias photon-to-current efficiencies (ABPEs) of pristine
CNEF-CI and BiOI were found to be 0.08 and 0.11 % respectively (Figure S5 in ESI{) while
ABPE% of 10% BiOI/CNF-Cl, 25% BiOI/CNF-Cl, 50% BiOI/CNF-CI and 75% BiOI/CNF-CI
heterostructures were calculated to be 0.09, 0.31, 0.71, and 0.34 % respectively. The maximum
ABPE% was found for 50% BiOI/CNF-CI which was 8.75 times higher than pristine CNF-CI and
6.45 times higher than pristine BiOl respectively. The incident photon-to-current efficiency (IPCE)
or external quantum efficiencies (EQEs) of CNF-CI, BiOI and 50% BiOI/CNF-CI were calculated
to be 0.43, 0.64 and 1.29% at 425 nm and 0.24, 0.36 and 1.09 % for 505 nm irradiation (Figure
5a). Furthermore, absorbed photon-to-current efficiency (APCE) or internal quantum efficiency
(IQE) for CNF-ClI, BiOI and BiOI/CNF-CIl under 425 nm irradiation was calculated to be 0.53,
0.73 and 1.61 while under 505 nm these values was found 0.49, 0.42 and 1.54 % respectively
(Figure 6a). The similarity of the EQE and APCE values merely confirms almost complete light
harvesting at 425 nm and 505 nm wavelengths due to the strong visible absorption of the
BiOI/CNF-CI composites. The EQE values measured under 425 nm and 505 nm LED illumination
are low despite excellent photon harvesting (Figure 4a), superior charge separation (Figures 4c, 4d

and Figures S2-S4) and enhanced recombination suppression (Section 2.5) in the BiOI/CNF-Cl
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heterojunctions. We attribute the low PEC quantum yields to the large exciting binding energy
(Ep) of 0.20 -0.35 eV (~ 10 times thermal energy at room temperature) in heptazine motif carbon
nitrides [81, 82]. As previously mentioned, fluorination of carbon nitride introduces structural
distortions that reduce the conjugation length and further increase Ej, [83]. The large values of Ej

mean that only a small fraction of the photogenerated excitons are dissociated into free carriers.

2.4 Photoelectrochemical H; evolution measurement

A three-electrode H-cell containing the deposited materials as the photoanode, Pt cathode and
Ag/AgCl reference electrode was used for the measurement of evolved H> (Figure S6). The
evolved hydrogen at the Pt counter electrode was analyzed using a gas chromatograph (GC)
equipped with a pulse discharge ionization detector (PDD) (Figure S7). The observed H> evolution
rates using CNF-Cl, BiOI and BiOI/CNF-CI as a photoelectrocatalyst were found to be 0.71, 4.35
and 19.71 umol h'!, respectively. The theoretical H2 evolution rates, based on photocurrent
densities for CNF-Cl, BiOI and BiOI/CNF-Cl were calculated to be 5.22, 7.46 and 23.80 pmol h”
! respectively. From these values, the Faradaic efficiencies for CNF-CI, BiOI and BiOI/CNF-CI
were calculated to be 13.51, 58.29 and 82.83 (percent), respectively (Figure 6b). Water splitting
occurs at higher applied bias which also promotes side reaction. In such conditions, due to lower
reduction potential of SO4% ions (+0.172 V vs NHE at pH-0) of Na>SOy4, it competes with proton
reduction resulting in poor Faradaic efficiency. PEC performance and subsequent characterization
of reused BiOI/CNF-CI showed almost identical photoactivity and structural features as freshly
prepared materials, indicating demonstrate resilience and durability of the materials (ESI; Section

5.0 Figure S8-S10).
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Table 2. Photoelectrochemical H; evolution rate determined experimentally using GC, theoretically calculated

evolution rates from photocurrent, and corresponding Faradaic efficiencies.

Sample Experimentally  Theoretically Faradaic Efficiency (%)
evolved H> calculated H2
(umol h'' em2)  (umol h'! cm2)
CNF-Cl 0.71 5.22 13.51
BiOI 4.35 7.46 58.29
BiOI/CNF-Cl 19.71 23.80 82.83

2.5 Photo-Kelvin probe force microscopy

Kelvin-probe force microscopy (KPFM) has been used for simultaneous structural and electronic
property mapping of photovoltaic and photocatalytic materials [84, 85]. Herein, we performed
KPFM to image carrier photogeneration (Figure 7). Surface potential, which is the difference
between contact potentials of the tip and semiconductor surface, was determined both in the dark
and under illumination (425 nm LED). The difference between these two surface potentials can be

termed as the surface photopotential. Upon illumination, the quasi-Fermi level of a n-type
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semiconductor rises (w.r.t Ey.) and thus the difference between the tip work function and

semiconductor surface work function increases, compared to the difference in dark condition.
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Figure 7. (a)-(c) Surface topographic AFM images of pristine CNF-CI, pristine BiOI and 50% BiOI/CNF-Cl
respectively; (d)-(f) KPFM surface potential mappings under light (LED 425 nm) (yellow region) and in the dark
(purple region) of the samples corresponding to (a)-(c); (g), (i) and (k) AFM tip scan in dark and (h), (j) and (1)
AFM tip scan under light (425 nm LED) for the samples corresponding to (a)-(c); (m)-(o) Surface potential
distribution in the dark and under illumination condition (LED 425 nm) for pristine CNF-CI, pristine BiOI and

50% BiOI/CNF-Cl respectively.

By observing the surface photopotential of different semiconductors, we can quantitatively
analyze the photogenerated charge carriers and study the comparative photoresponse. KPFM data
was acquired for pristine CNF-CI, pristine BiOl and 50% BiOI/CNF-CI. Surface topographic

images, surface potential maps and surface potential distributions for all the photocatalysts are
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shown in Figure 7. Dark and illumination conditions are clearly visible in the surface potential
mapping and distribution plots. The comparative analysis shows that the nanocomposite
photocatalyst 50% BiOI/CNF-CI has the largest surface photopotential of 207 mV, while pristine
CNEF-CI and BiOI have surface photopotential values of 83 mV and 98 mV respectively. These
KPFM data indicates the highest charge carrier (electron) separation occurs in BiOI/CNF-Cl
heterostructure compared to the pristine materials. The order of the negative shift of surface
potentials for these three materials nicely correlates with their obtained photocurrents (Figure 8).
Therefore, the KPFM data corroborates the view of enhanced charge separation in the

heterostructured photocatalyst, discussed earlier.

2.6 Photoresponse enhancement mechanism

To explain the improved photocatalytic performance a plausible mechanism was proposed based
on electronic band structure and existing literature (Figure 8) [46, 86-88]. The process of overall
water splitting includes two half reactions 1) hydrogen evolution reaction (HER) at the cathode by
reduction of protons to hydrogen and 2) oxygen evolution reaction (OER) by oxidation of water
to oxygen at anode. To achieve efficient water splitting, the conduction band (Ecg) position of the
semiconductor should be more negative than 0.00 eV vs NHE (reduction potential of proton,
H*/H>) and valence band (Evg) should be more positive than +1.23 eV vs NHE (oxidation potential
of water (H20/0>). These requirements suggest that the bandgap of materials should be higher than
1.23 eV [14, 83, 89]. However, wide bandgap compromises visible light absorption and results in
a poor light harvesting efficiency. The optical bandgap of CNF-CI was found to be 2.05 eV and
the Ecg and Evg positions were calculated to be -0.461 and +1.589 V vs NHE. For BiOlI, the
bandgap value was 1.82 eV and respective conduction (Ecg) and valence (Evg) band positions was

found to be -0.418 and +1.402 V vs NHE. The bandgaps and band edge positions of CNF-CI and
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BiOI demonstrate that both materials individually fulfill the requirement of water splitting.
However, observed photocurrents for pristine CNF-Cl and BiOI were extremely low which can be
explained by fast band-to-band charge recombination in BiOI and interlayer charge recombination
in CNF-CI. After the formation of heterojunction between BiOI and CNF-Cl, the PEC performance
of BiOI/CNF-Cl was dramatically enhanced. The improved PEC performance of BiOI/CNF-CI
nanostructures can be explained on the basis of Fermi level alignment which leads to formation of
a Type II (staggered) n-n heterojunction between BiOI and CNF-CI [90-92]. CNF-CI displayed
strong n-type characteristics in Mott Schottky measurement which implies its Fermi level lies just
below the conduction band. BiOI displayed weak n-type character implying an intermediate
position of Fermi level between Ecg and Evg. Heterostructure formation of BiOI with CNF-CI
aligns the Fermi levels in the two materials, and is accompanied by a built-in field at the interface
between the two semiconductors [93]. During Fermi level alignment, the conduction band of BiOI
bends downward while conduction band of CNF-CI experiences upward band bending as depicted
in Figure 8 [94].
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Figure 8. Proposed mechanism of charge separation in BiOI/CNF-CI1 composite photoanodes.
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3.0 Conclusion

We have demonstrated the synthesis of few layered fluorine-doped and chlorine-intercalated
carbon nitride nanosheets (CNF-CI) with a reduced bandgap. CNF-CI also exhibits a red-shifted
emission spectrum and substantially longer PL lifetime components in comparison to g-C3Na. The
likely origin of these lifetime components in the emission decays of g-C3N4 and CNF-CI were
explained. These newly synthesized F-doped and Cl-intercalated carbon nitride nanosheets were
used to develop heterostructured photocatalysts with earth abundant BiOI. BiOI was found to
exhibit weak n-type conduction while CNF-CI was found to be a strongly n-type semiconductor.
A broad swathe of characterization data including steady state and time-resolved PL spectra, Mott-
Schottky plots. KPFM data and photoelectrochemical J-V curves are consistent with enhanced
charge separation in BiOI/CNF-CI hybrids due to the formation of a type-II n-n heterojunction.
The enhanced charge separation and extended light harvesting (band-edge of 680 nm) results in
significantly increased photoelectrochemical performance compared to the stand-alone constituent
materials with photocurrent densities as high as 1.28 mA cm™ observed under AM1.5 G one sun
illumination. The energy conversion efficiency metric known as ABPE% for the top performing
heterojunction (50% BiOI/CNF-CI) was 8.75 times higher than pristine CNF-CIl and 6.45 times
higher than pristine BiOI. Reusability tests and characterization of used photoanodes demonstrated
the required robustness and are indicative of long-term operational stability. Furthermore, unusual
electronic interactions between BiOI and CNF-CI1 were observed that manifested as a significant
blue-shift in the steady-state emission spectra of the BiOI/CNF-CI heterostructures but with little

or no effect in the absorption spectra.
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