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ARTICLE INFO ABSTRACT

Keywords Carbon nitrides and flavins are two classes of easy accessible transition metal-free, photoactive materials. Their
Carbon nitride photocatalytic efficiency to enable a variety of chemical reactions is well documented. Here, we report on their
Photocatalysis combination in one photocatalytic system by designing biomimetic non-spherical core-shell architectures com-
CO2 prising micro-sized crystals of flavins decorated by potassium poly(heptazine imide) nanoparticles on the sur-
Flavins

Heterojunctions

face. The designed non-spherical core-shell composites are tested in the photocatalytic CO, reduction to CHy,
MeOH, EtOH and CO using water vapor as a donor of electrons and protons at the gas-solid interface. The forged

Z-scheme heterojunction between these two materials allows increasing of their photocatalytic performance.
Whereby excited states lifetimes are extended by interface charge recombination and photoredox processes are
boosted because of an overall wider band gap.

1. Introduction

Extensive, anthropogenic combustion of fossil fuels into CO, is the
main contributor to global warming [1] and artificial photosynthe-
sis is considered as one of the most promising approaches to address
the involved problems [2]. Previous research in artificial photosynthe-
sis proved that a series of valuable chemicals, for example, CO [3],
methanol [4], ethanol [5], can be prepared from CO, using synthetic
materials as photocatalysts, while water is the most attractive donor of
electrons and protons [6]. Many materials have been reported to pro-
mote CO, reduction under light irradiation [6], but limited stability and
efficiency of the process limit applications [7].

Riboflavin (vitamin B2) and its derivatives are eco-friendly, cheap
[81], non-toxic [9] redox active dyes. They have been employed mostly
as homogeneous photocatalysts to perform photo-oxidations [8,10-17],
but were also reported in heterogeneous photocatalysis, here supported
on nanostructured metal oxide films for the oxidation of alkylbenzenes
[12]. In addition, riboflavin tetrabutyrate was used as emission layer in
OLEDs [18]. However, photocatalytic reduction reactions mediated by
flavins have not been explored [19].
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On the other hand the larger class of carbon nitride (CN) materi-
als, after uprising in Hy evolution under visible light, has been also ap-
plied in organic synthesis [20-28] and in solar energy storage applica-
tions [29]. Several methods have been developed to tune physical and
chemical properties of CNs, and as a result, to enhance the photocat-
alytic activity in a certain reaction [30]. Band gap engineering is con-
sidered as a key strategy to tune CNs properties in a desirable way [29].
The following strategies are distinguished within this approach: 1) el-
emental and molecular doping of CNs [30], 2) supramolecular preor-
ganization of monomers [31,32], 3) ionothermal synthesis, for exam-
ple, in LiCl/KCl eutectics [31,33-35] and 4) construction of the hetero-
junctions, for example, with metal oxides like TiO5 [36]. Finally, con-
struction of donor-acceptor conjugated polymers has been widely used
[37-40]. However, this last strategy has been seldom applied to CNs
based material.

An electron deficient CN family member, potassium poly(heptazine
imide) (K-PHI, Fig. 1), is characterized by highly positive potential of
the valence band (+2.2V vs NHE) and is thereby a promising can-
didate for construction of such donor-acceptor composites [22,33,40].
The features of K-PHI has been employed earlier, for example, in ben-
zylic C—H thiolation of alkylbenzenes, in which oxidation of the or-
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Fig. 1. Chemical structures of K-PHI and flavins employed in this work.

ganic substrate is a rate-limiting step [41]. The intrinsic (right after
synthesis, without post treatment) morphology of K-PHI is featured by
nanoparticles with an average diameter of 100 nm that gives higher sur-
face-to-volume ratio compared to bulk carbon nitride materials repre-
sented by particles with few micrometers size [42]. The small parti-
cle size of K-PHI we consider as beneficial also to ensure a high inter-
face area between two components when constructing heterogeneous
donor-acceptor composites.

Herein, we bring the two classes of materials together — flavins
and K-PHI to design donor-acceptor composites. In this approach K-PHI
nanoparticles represent the acceptor, while flavins micro-sized crystals
— the donor. This biomimetic architecture is tested in a gas-solid reac-
tor to achieve CO, photoreduction using mere H,O vapor as a source of
electrons and protons, while oxygen is formed as the only other product.
This kind of photocatalytic reactor allows convenient separation of the
products from the catalyst without laborious workup and is to be seen
as a set-up closest to scale up.

2. Experimental
2.1. Materials preparation

2.1.1. Preparation procedure and characterization of K-PHI
Preparation procedure and characterization of K-PHI) synthesis and
characterization is in according to previous works [33,41,45-50].

2.1.2. Preparation of composites C1 (K-PHI/F-1 2:1), C2 (K-PHI/F-2 2:1),
C3 (K-PHI/F-3 2:1)

In a flask (100 mL), flavin (0.1 mmol, 54.45 mg of F1 for CI,
129.14 mg of F2 for C2, 31.83 mg of F3 for C3) and K-PHI (0.2 mmol,
100 mg) were dissolved in methanol (25 mL ). Suspension were stirred
for 30 min. MeOH was evaporated, the solid was transferred into a mor-
tar, grind it and the put into a porcelain crucible. Solids were heated at
150 °C for 6 h in oven in air.

2.2. Characterization of materials

2.2.1. Powder X-Ray diffraction patterns (PXRD)

Samples were measured on a Bruker D8 Advance diffractometer
equipped with a scintillation counter detector with CuK, radiation (A
=0.15418 nm) applying 26 step size of 0.05° and counting time of 3 s
per step.

2.2.2. Scanning electron microscopy (SEM)
Sample images were obtained on a Zeiss LEO 1550-Gemini micro-
scope.

2.2.3. Transmission electron microscopy (TEM)
For high-resolution transmission electron microscopy (HR-TEM) ob-
servations, samples were sonicated in ethanol for 10 min; the obtained

suspensions were drop-casted to a Cu grid with a lacey carbon support
and dried for 15 min. HRTEM studies were performed using a double
Cs corrected JEOL JEM-ARM200 F (S)TEM operated at 80 kV, equipped
with a cold-field emission gun, and a high-angle silicon drift Energy Dis-
persive X-ray (EDX) detector (solid angle up to 0.98 steradians with a
detection area of 100 mm?).

2.2.4. Optical absorbance spectra
Optical absorbance spectra of powders were measured on a Shi-
madzu UV 2600 equipped with an integrating sphere.

2.2.5. Emission spectra, Internal and External Quantum Efficiency (IQE/
EQE)

Emission spectra, Internal and External Quantum Efficiency (IQE/
EQE) were recorded on Jasco FP-8300 instrument. The excitation wave-
length was set at 360 nm.

2.2.6. Thermal response measurements
Analysis were carried out by using an optical calorimeter (InfraSORP
Technology by Fraunhofer/Rubotherm).

3. Results and discussion

The composites (C1, C2 and C3) self-assemble by in situ crystalliza-
tion of the corresponding flavins (F1, F2 and F3, see Figs. S1-S2 for
their preparation) from methanol solution upon concentration in vac-
uum followed by spontaneous deposition of K-PHI nanoparticles as a
type of Pickering stabilizer (Fig. 2). The molar ratio between K-PHI and
flavins has been chosen to 2:1 (assuming a repetitive molar weight of
K-PHI of 500 g mol™!) to ensure complete coverage of the flavin mi-

Flavin
Flavin - micro-sized
= solution T 7 crystals

K-PHI Core-shell
nanoparticles composite

Fig. 2. Schematic procedure of non-spherical core-shell composite preparation and
schematic representation of the composite morphology. Color staining of the compos-
ite illustrates red-shifted onset of light absorption in the heterojunction as evidenced by
DRUV-vis spectroscopy (see below). Schematic representation of flavin and the non-spher-
ical core-shell composite morphology as evidenced by the SEM images of flavin F3 and
composite C3. Step a) denotes stirring a colloidal solution of K-PHI nanoparticles and
flavin in MeOH followed by concentration under reduced pressure b) denotes grinding in
mortar followed by annealing in air oven at 150 °C.
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crocrystals with K-PHI nanoparticles and to achieve high interface area
between the donor and acceptor in solid state.

Fig. 3 shows the morphology of flavins and the composites. The
morphology of flavin F1 is represented by thin plates (Fig. 3a), flavin F2
by sharp-edged particles of irregular shape and flavin F3 by rectangular
bricks. The SEM images of composites C1, C2 and C3 do not show mor-
phological features of the pure flavins, but are rather identical to that of
pure K-PHI — assembly of nanoparticles with the diameter 100—200 nm
(see also Figs. S3-S9 for overview images), which means that flavin crys-
tals are indeed completely covered by the PHI colloidal stabilizer. Thus,
SEM provides the first piece of evidence that flavins and K-PHI form
core-shell structures, albeit non-spherical, upon self-assembly — flavin
crystals in the core, while the shell is constructed from K-PHI particles.

To get more insights about the structure of the obtained compos-
ites at the nanoscale we used transmission electron microscopy and en-
ergy-dispersive X-ray (EDX) analysis. The later allows clear distinguish-
ing between deferent part of the composites, since bromine is present
exclusively in flavin and potassium - in K-PHI. Fig. S10 shows a typical
amorphous particle of flavin F2 with diameter of about 500 nm. In the
corresponding C2 composite large amorphous particles of flavin F2 are
decorated with nanocrystalline K-PHI nanoparticles (typically <100 nm
in diameter) (Figs. 3g,h, S11) [42]. Analysis of HRTEM images and cor-
responding FFT transforms allows to conclude that formed K-PHI parti-
cles crystallize in hexagonal structure, with a =12.6 A, ¢ =3.3 A (Fig.
3i-k) [43,44]. EDX spectra obtained from different parts of non-spheri-
cal core-shell structures have different K:Br ratios; thus crystalline parts
exhibit a higher K content (Fig. S12c¢) while the amorphous part, the
flavin-rich region, display a higher Br signal (Fig. S12f).

PXRD analysis of K-PHI nanoparticles reveals a typical pattern for
this material with a pronounced peak at 8°, due to the in-plane period-
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icity, and the peak at 28° due to graphitic packing (Fig. S13a) [47].
Flavins F1 and F3 are crystalline powders, while F2 is amorphous (Fig.
S13b, d, f). Higher crystallinity of flavins F1 and F3 is explained by a
smaller and more regular shape of the molecule, i.e., a lower number of
degrees of freedom that facilitates crystallization. Composites C1 and C2
are amorphous with respect to the flavin core, but all composites show
pronounced peaks related to the presence of K-PHI nanoparticles (Fig.
S13c, e, g), while intensity of the diffraction peaks depends of K-PHI
content in the composites (Fig. S14, Table S1).

Fourier-transform infrared (FT-IR) spectra of the composites are very
similar to that of K-PHI, while vibration peaks related to the flavins are
mainly absent (Figs. 4 and S15). FT-IR data provide a second piece of
evidence supporting the formation of the core-shell structure. In this ar-
chitecture the flavin core is covered by the K-PHI shell. As a result, the
vibrational peaks of the shell are predominantly seen in the IR spectra.

The solid-state emission spectra of the flavins, K-PHI and their com-
posites are shown in Figs. 5a and S16. Pure flavins have fluorescence
Internal Quantum Efficiency (IQE) 2.0-7.7 %, while K-PHI has an IQE
of 0.19 % (Table S2). Practically complete fluorescence quenching is
observed for composites in the solid state — composites IQEs are only
0.1-0.4 % (Table S2). Titration experiments showed that the compos-
ite with only 9 % K-PHI content already shows complete fluorescence
quenching (Fig. 5c). These results give a third piece of evidence sup-
porting formation of an electronically active structure. Taking into ac-
count results of the electron microscopy study and FT-IR, electronic in-
teraction between the partners of the composite is obviously the most
efficient when they are assembled in core-shell structure. A similar be-
havior has been reported for flavin-graphene composites [51].

However, dispersions of the composites C1 and C3 in DMSO do not
exhibit fluorescence quenching (Fig. S17) suggesting that polar solvent

Fig. 3. Electron microscopy images of the flavins and their composites. SEM images of: a) Flavine F1; b) Flavine F2; c) Flavine F3; d) Composite C1; e) Composite C2; f) Composite C3;
g,h) overview TEM images of the composite C2. i,j,k) HR-TEM images of K-PHI nanoparticles in the composite C2 taken along different crystallographic directions.
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Fig. 4. FT-IR spectra of flavin F1, K-PHI and composite C1 in comparison. Selected vibra-
tional peaks of flavin are labeled.

disrupts the interaction between the flavins F1 and F3 and K-PHI par-
ticles. In addition, dispersion of the composite C1 in DMSO followed
by filtration, resulted in yellowish solution, implying dissolution of the
flavin F1 in DMSO (Fig. S18). Furthermore, IQE of a series of K-PHI/F1
mixtures in DMSO with different K-PHI content shows an opposite trend
compared to the measurements in solid state (Fig. 5c¢), i.e. higher IQE
(8.5 %) for pure K-PHI suspension. On the other hand, flavin F1 showed
lower IQE (2.2 %) compared to that in solid state (7.7 %), which is ex-
plained by an agglomeration induced emission phenomenon [52]. Since
in the present work we apply the synthesized composites in the photo-
catalytic CO, reduction in the gas-solid interface, we consider spectro-
scopic data obtained in the solid state to be more relevant to the study.

Thermogravimetric analysis (TGA) of the C2 demonstrates lower
mass loss in the composite compared to the calculated value, suggest-
ing that the shell made of thermodynamically stable K-PHI nanoparticles
stabilizes flavin core in the composite (Fig. S19). Overall, observation
of the composites morphology directly from the electron microscopy
images, FT-IR data, strong fluorescence quenching in the composites
and TGA data, collectively support formation of non-spherical core-shell
structures.

In agreement with earlier reports, K-PHI has an onset of absorption
at 700 nm that is assigned to n-n* transitions [53], but the main contri-
bution to light absorption originates from the n-n* transitions observed
as a band at 460 nm, i.e., the band gap, as concluded from the diffuse
reflectance (DR) UV-vis absorption spectra (Fig. 5d). In the solid state,
all flavins have the onset of absorption at 540 nm that corresponds to
the optical band gap of ca. 2.3 eV (Fig. S20). Similar band gap values of
flavins, despite different backbone structure, i.e. protected ribose back-
bone (in case of F1 and F2) and 4-ethylphenyl substituent (in F3), sup-
port the fact that the isoalloxazine core acts as the chromophore.

Band gap values derived from the DRUV-vis spectra are close to
that obtained from the cyclic voltammetry (CV) measurements of the
flavins in MeCN solution, 2.27-2.34 eV (Fig. 5e). Considering the rela-
tive alignment of the frontier orbitals energy levels in flavins and CB/
VB energy levels in K-PHI (Fig. 5f), the designed composites can be re-
garded as being able to follow a Z-scheme activation, if we make a com-
parison with all-semiconductor systems [54]. The Z-scheme rationalizes
the complete fluorescence quenching observed in the composites in the
solid state. Indeed, this is due to the selective charge recombination at
the interface, while energy transfer is suppressed, as already reported for
a flavin-graphene composite [51] and for a carbon nitride-carbon com-
posite [55,56].
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Direct charge transfer in the composites C1 and C2 is supported by
the appearance of the additional absorption band, albeit weak, with
the onset at 800 nm (Fig. 5d) [57,58]. DFT calculations also predicted
Bader charge shift between flavin F3 and K-PHI of 0.023 electrons (see
ESI for computational details).

Transient photocurrent measurements are indispensable to investi-
gate light response properties of semiconductors, such as K-PHI [59,60].
Such measurements are typically done by immersing an electrode (typ-
ically FTO glass) coated with the analyzed material into the aqueous
electrolyte. However, this approach was not suitable for the studied ma-
terials. Due to partial solubility of flavins in water, the coated FTO glass
is not stable. Binders, such as PVDF, gave stable electrodes, but conduc-
tivity was too low to record reliable data.

The solution was found employing thin layers of conductive hydro-
gel between the electrodes that serves as the electrolyte (Figs. 6 and
S21-22, see experimental procedure for details of the device fabrica-
tion). The developed architecture allows preserving the morphology of
the analyzed material for hours due to low diffusion of the flavins into
the bulk of the hydrogel. Compact size, thickness of only 10 mm, ab-
sence of electrolyte leakage and good light permeability are additional
advantages of the fabricated device. The photoelectrodes in such archi-
tecture are stable for at least few hours (Fig. S23).

With the electrochemical device in hands, we performed different
electrochemical tests: illuminated open circuit potential (OCP), linear
sweep voltammetry (LSV), chronoamperometry (CA) and chronopoten-
tiometry (CP) (Figs. 6 and S24).

Thus, illuminated OCP experiment showed a negative shift suggest-
ing that all tested materials possess n-type conductivity, [61] while in
CA experiments a positive photocurrent densities of 2—22 uA cm~2 were
registered. Therefore, once irradiated, materials resistance decreases due
to increase of charge carriers concentration. For pure K-PHI and its com-
posites, these findings are in agreement with the reported earlier posi-
tive slope in the Mott-Schottky plot [62]. However, to the best of our
knowledge, there is no data for flavins in solid state. The amplitude of
the OCP change increases in the sequence K-PHI = flavin < compos-
ite (Fig. S25) due to the introduction of the additional light absorber, a
flavin (Aopset < 540 nm).

Analysis of the CA data (Fig. S26) reveals that pure K-PHI shows
higher photocurrent densities compared to pure flavins. At the same
time, composite C1 shows twice higher photocurrent compared to pure
K-PHI and 14 times higher photocurrent compared to pure flavin F1,
supporting existence of charge transfer between the two components
of the composite. Composites C2 and C3, however, showed lower pho-
tocurrents compared to the individual components. Analysis of absolute
current densities (Fig. S27) suggests that surface properties of the pho-
toelectrode have clear impact on the overall conductivity. Thus, K-PHI
(hydrophilic), the flavin F1 (partially soluble in water) and their com-
posite C1 show not only the highest photocurrent, but also the highest
dark current in the series of studied materials. On the other hand, the
flavin F2 (large hydrophobic molecule due to presence of multiple Br
atoms) and its composite show the lowest dark current.

Since a Z-scheme relies on the excitation of both the composite com-
ponents (K-PHI and flavin), here with two photons with different wave-
length (due to different optical band gaps), we investigated the photo-
catalytic properties of the prepared composites under white light irradi-
ation in a gas-solid batch photoreactor. We selected the photocatalytic
CO, reduction reaction using water vapor as the electron and proton
donor (see Fig. S28 for the detailed mechanism). We monitored the for-
mation of CO, CH4, MeOH and EtOH - common products of CO5 reduc-
tion. In addition, no H, formed due to the fact that the investigated sys-
tem is free of transition metal co-catalyst, which otherwise would facili-
tates hydrogen evolution.
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K-PHI content. d) DRUV-vis absorption spectra of F1, K-PHI and composite C1. e) CV curves recorded using 2 mM solution of flavin in MeCN. Glassy carbon (diameter 3 mm) was used
as a working electrode (WE), Ag wire in AgNO3 (0.01 M) with (nBu)4N*ClO4~ (0.1 M) in MeCN - as a reference electrode (RE) and Pt wire — as a counter electrode (CE). f) CB and VB
potentials of K-PHI are taken from the literature. [41] For flavins, CB and VB refer to HOMO and LUMO potentials determined from CV curves (Fig. 5e).

Fig. 7 shows the yield of the products obtained using pure K-PHI,
flavins and their composites. Pure K-PHI and flavins F1 and F2 show se-
lectivity toward alcohols, methanol and ethanol.

The same trend is conserved in the composites. Therefore, reduction
selectivity of the composite is largely defined by the property of the in-
corporated flavin. Thus, considering photocatalytic reduction of CO, to
CHy, the productivity of the composite C3 is 15 % higher compared to

the flavin F3, while composite C2 showed 2.5 times higher activity com-
pared to the flavin F2. On the other hand, the productivity of photocat-
alytic reduction to CO can be increased by 27 % employing composite
C2 compared to flavin F2 and 3 times using composite C3 compared to
flavin F3.

Thermal response measurements recording the temperature of the
materials during adsorption were conducted to probe the interaction of
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CO4 and H,0 with the surface of K-PHI, flavin F1 and the composite C1,
as an example, (Figs. S29 and S30) [63]. Dry CO- has very low affinity
to these materials (Fig. S31). When CO, saturated with water vapor at
room temperature, significantly more heat is released due to additional
adsorption of water. When helium instead of CO, is used as a carrier gas
exemplarily for composite C1, the individual contribution of water ad-
sorption can be estimated. The heat released is far less than in the pres-
ence of CO, and the difference is much larger than the contribution from
dry CO, adsorption. Therefore, water vapor serves not only as electron
and proton donor in the photocatalytic CO, reduction, it also enhances
adsorption of CO, at the photocatalyst surface. Furthermore, adsorption
of CO, and H,0 at the composite C1 is defined by the surface properties
of K-PHI rather than flavin F1, as the integrated peak area is comparable
to that of pure K-PHI, which gives another factor for the activity of the
core-shell structure of the composite with K-PHI particles outside. How-
ever, the total amount of CO, molecules converted by the composite C1
is similar to that of the flavin F1 (Fig. S32), while CO, shows relatively
weak affinity, implying that the band structure of the flavin determines
the rate of the overall photocatalytic activity and selectivity towards a
certain product.

From the results of photocatalytic tests, we conclude that selectiv-
ity of CO, photocatalytic reduction can be tuned by using composites of

K-PHI and flavins. The forged Z-scheme heterojuntion between K-PHI
and flavins provides a material with the reducing properties of pure
flavin and oxidative properties of pure K-PHI. This phenomena, com-
bined with longer life-times of excited states due to interface charge
recombination, promotes the improvement of photocatalytic activities,
compared to pure flavins [64,65].

4. Conclusions

In this work, three structurally different core-shell composites con-
structed from micro-sized crystals of flavin (the core) and decorated
with K-PHI nanoparticles (the shell) have been prepared by a simple
and straightforward co-precipitation/stabilization approach. The prop-
erties of the composites were investigated by SEM, XRD, TEM, EDX,
IR and PL, while the results suggest formation of a spontaneous het-
erojunction between the core and the shell. The photocatalytic activity
of the composites has been evaluated in reduction of CO, to CO, CHy,
MeOH and EtOH. The results suggest that the selectivity of the com-
posites toward specific products is largely defined by flavins, i.e. the
flavins constitute the reduction side. The K-PHI shell presumably pro-
motes the liberation of oxygen by its very positive HOMO, accelerates
the reaction, and changes the product distribution presumably by ki-
netic effects. Given the simplicity of flavins and carbon nitride synthe-
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sis, the presented approach can lay a foundation for the construction
of a library of composites for task-specific applications in serious up-
hill photocatalysis. Photoelectrochemical performance of flavins powder
and their composites have been investigated using a dedicated electro-
chemical device employing a thin layer of conductive hydrogel as poly-
mer electrolyte. In particular, a riboflavintetracetate-based composite
showed a photocurrent two times higher than that of pure K-PHI and 14
times higher than pure riboflavintetracetate, suggesting higher charge
mobility.
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