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oly(heptazine imide) for highly
effective photocatalytic hydrogen peroxide
production in a biphasic fatty alcohol–water
system†‡

Igor Krivtsov, *ab Ashish Vazirani,a Dariusz Mitoraj,a Mohamed M. Elnagar,a

Christof Neumann, c Andrey Turchanin, c Yolanda Patiño,b

Salvador Ordóñez, b Robert Leiter,d Mika Lindén, e Ute Kaiserd

and Radim Beranek *a

Light-driven production of hydrogen peroxide via selective dioxygen reduction is an attractive “green”

alternative to the conventionally used anthraquinone process. One of the most promising classes of

photocatalytic materials for this conversion that excels by high selectivity, chemical stability and low cost

is represented by polymeric carbon nitrides, and particularly by various types of poly(heptazine imide)

(PHI), i.e., ionic variants of carbon nitride. A crucial challenge highlighted by recent studies is the problem

of separation of formed H2O2 from the reaction medium and especially from the suspended

photocatalyst particles since photocatalytically generated H2O2 can undergo light-driven reductive or

oxidative decomposition, as well as disproportionation on the surface of the photocatalyst in the dark.

Herein, we report an elegant solution to this problem by implementing a biphasic reaction system in

which the hydrophobic photocatalyst oxidizes a lipophilic electron donor in the organic phase, while the

produced H2O2 is instantaneously extracted into the aqueous layer. To this end, we have achieved an

effective hydrophobization of ionic carbon nitride (PHI) nanoparticles in the form of a composite with

alkylated silica. The hydrophobized composite effectively photocatalyzes the reduction of dioxygen to

H2O2 with concurrent oxidation of a model fatty alcohol (1-octanol) in the organic phase under visible

light irradiation (406 nm LED), and enables, at the same time, facile separation of the high-value H2O2/

water mixture from the reaction medium at H2O2 concentrations (∼0.12 mol L−1) that are

unprecedentedly high for light-driven systems reported in the literature. Notably, fatty alcohols are

readily available from vegetable waxes and as pulping sub-products, and the products of their partial

oxidation represent a valuable feedstock for the synthesis of pharmaceuticals and cosmetic products.

This work thus showcases a rational design of a high-performance photocatalytic system for H2O2

production that enables easy separation of the product from electron donors and its recovery at high

concentrations, and paves the way for sustainable and economically viable light-driven H2O2 production

from easily available feedstocks.
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1. Introduction

The eld of photocatalysis is currently witnessing an increasing
interest in the development of various selective chemical
conversions beyond hydrogen production via water splitting, in
particular due to the growing concerns regarding the economic
viability of photo(electro)catalytic water splitting,1 and espe-
cially since the photocatalytic production of high-value
compounds from low-cost chemical feedstocks holds promise
for commercially viable applications on a more immediate time
scale as compared to the photocatalytic production of
hydrogen.2,3 One of the most attractive compounds that can be
photocatalytically obtained by a simple two-electron reduction
This journal is © The Royal Society of Chemistry 2023
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of dioxygen is hydrogen peroxide, a highly versatile and envi-
ronmentally benign oxidizing agent used in a number of
important industrial processes. Although photocatalytic H2O2

peroxide production from pure water and oxygen has been re-
ported, the reaction rates were usually too low to accumulate
high concentrations of the product,4–8 making the presence of
additional electron donors like aliphatic or aromatic alcohols
practically indispensable to achieve reasonable reaction
rates.9,10 Notably, this approach appears even more attractive if
also the oxidation product of this reaction has a higher value
than the substrate, as it is the case for the conversion of
biomass-derived feedstock.11–13

Polymeric carbon nitrides (PCNs) whose photocatalytic
activity was rst reported by Wang et al.14 are known for their
excellent performance in light-driven H2O2 production from
oxygen.15 Notably, PCNs also exist in various ionic forms as
poly(heptazine imide) (PHI), i.e. materials that comprise stacks
of 2D heptazine-based networks and alkali metal cations and/or
protons.16–20 Ionic carbon nitrides are typically not fully crys-
talline, thus making it challenging to determine their exact
structure. That is why ionic carbon nitrides prepared by the
Fig. 1 Concept of biphasic photocatalysis using hydrophobized PHI. KPH
treatment leads to a partial exchange of surface NH2-groups for ionic]C
for the preparation of colloidally stable dispersions of small KPHI particle
species via a sol–gel process and further functionalized by silylation, yield
of a vigorously stirred biphasic system, the produced composite efficien
image), while H2O2 produced by O2 photoreduction is immediately e
separation of the product and the photocatalyst enables accumulating hi
case of hydrophilic photocatalysts that can effectively decompose the f

This journal is © The Royal Society of Chemistry 2023
molten salt method are oen denoted by different authors as
modied version of covalent melon polymer, such as CNx-NCN,
KSCN- or alkali metal-modied carbon nitrides rather than
PHI.13,17 The ionic variants of carbon nitride typically show
improved photogenerated charge separation and effective
accumulation and storage of photogenerated electrons,21–24 and
exhibit an improved activity in photocatalytic H2O2 evolution
compared to the conventional, non-ionic, melon polymers.12,13,25

Although, the superior activity of PHI can also be explained,
among other factors, by partial substitution of the terminal
NH2-groups for –N−–C^N species in PHI, resulting in fewer
hydrogen bond interactions and better dispersibility of the
material in polar solvents.26 A major challenge in carrying out
such reactions in suspension is the effective separation of the
dissolved reduction and oxidation products for their subse-
quent use, in order to avoid the decomposition of H2O2 on the
surface of the photocatalyst by photoredox decomposition or by
its disproportionation in the dark. The H2O2 decomposition
would lead to the loss of the overall reaction yield, a problem
that typically becomes even more prominent at higher H2O2

concentrations in the reaction medium.
I is synthesized by ionothermal treatment of melon in KSCN melt. The
]N− functions, thus reducing H-bonding in the polymer and allowing
s. The surface of suspended particles is modified with dispersed silica
ing a hydrophobic composite. Under visible light (∼406 nm) irradiation
tly photooxidizes fatty alcohols in the organic phase (top layer in the
xtracted into the aqueous phase (bottom layer in the image). Such
gh concentrations of H2O2 in the water layer, which is not achievable in
ormed H2O2.

J. Mater. Chem. A, 2023, 11, 2314–2325 | 2315
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In thermal liquid-phase catalysis the problems associated
with the separation of meta-stable products are oen solved by
the use of biphasic systems comprising two immiscible solvents
and thus enabling the separation of the catalyst and the product
right aer the formation of the latter.27,28 Such an approach,
though highly relevant for photocatalytic production of valuable
chemicals, has only recently been successfully applied in
molecular photocatalysis,29 but very rarely used in the eld of
heterogeneous photocatalysis so far,30–34 mainly due to the lack
of photocatalysts suitable for operation under biphasic condi-
tions. To this end, Yamashita et al. recently devised a hydro-
phobic Ti-based MOF for the biphasic selective benzyl alcohol
oxidation to benzaldehyde in the organic phase (benzyl alcohol)
and dioxygen reduction to H2O2, which was continuously
extracted into the aqueous layer.30–32 However, we have recently
demonstrated that benzaldehyde formed under such reaction
conditions acts itself as a visible light-active photocatalyst that
drives the (auto)photocatalytic H2O2 production and makes the
assessment of the true performance of the photocatalyst highly
unreliable.35 An unambiguous demonstration of effective pho-
tocatalytic H2O2 production in a biphasic system therefore (i)
requires the design of efficient hydrophobic photocatalysts, and
(ii) makes the use of electron donors different from benzyl
alcohol absolutely mandatory.

In order to tackle this challenge using PCN-based photo-
catalysts that are known to be good photocatalyst for H2O2

production, the crucial question to be addressed is: Are we able to
synthesize a hydrophobic PCN-based photocatalyst for use in a well-
designed biphasic system? To the best of our knowledge, no
synthetic protocols for hydrophobic PCN particles that could be
selectively suspended in the organic phase of a biphasic system
have been available so far. Kumru et al.36–38 and Dong et al.39

developed various procedures for graing hydrophobic functions
onto carbon nitrides, resulting, however, only in amphiphilic
materials. Although conventional melon polymers possessing
amphiphilic properties could be further modied with alkyl- and
uoroalkyl moieties, it only resulted in the improved dispersibility
of PCN in organic solvents while retaining their amphiphilic
nature.36 We hypothesized that the lower degree of hydrogen
bonding, better dispersibility and smaller particle size of PHI-
based ionic carbon nitrides that can be achieved upon sonication40

can make them more suitable for hydrophobization than
conventional melon-like PCNs. Herein, we achieve, for the rst
time, effective hydrophobization of ionic carbon nitride (PHI)
nanoparticles in the form of a composite with hydrophobic silica
bearing methyl- or alkylsilane functions. The obtained PHI-based
photocatalyst is hydrophobic and can be selectively suspended in
the organic layer of a biphasic water/organic solvent system. This
allows us to demonstrate unambiguously the expected advantages
of selective photocatalysis in a biphasic system that enables
immediate extraction of the H2O2 product into the aqueous phase,
thus avoiding the decomposition of H2O2 on the surface of the
hydrophobized photocatalyst. Specically, we demonstrate highly
effective visible light-driven reduction of dioxygen to H2O2 with
concomitant oxidation of a model fatty alcohol (1-octanol) in the
organic phase, resulting in H2O2 concentrations in the aqueous
phase that are unprecedentedly high for photocatalytic H2O2
2316 | J. Mater. Chem. A, 2023, 11, 2314–2325
production systems reported so far (Fig. 1). Since fatty alcohols are
readily available as sub-products of the forestry and pulping
industry, the implications of our ndings for the development of
sustainable and economically viable photocatalytic H2O2 produc-
tion from low-cost feedstock are discussed.

2. Experimental

For the synthesis of potassium poly(heptazine imide) (KPHI),
a modied procedure reported by Lotsch et al.41 based on the
treatment of melon polymer with KSCN was used (for details see
ESI‡). Silica-modied KPHI material (KPHI-Si) was prepared by
adopting the procedure for the sol–gel fabrication of silica bers
reported by Sakka.42 To 1 g of nely ground KPHI in a round
bottom ask, 65 mL of ethanol was added and the suspension
was sonicated for 1 h. Aer sonication, 37 mL of TEOS, 3 mL of
H2O and 0.15 mL of hydrochloric acid (37 wt%) were added to
the mixture under vigorous stirring in this sequence. The
sample was continuously stirred for 24 h, aer which it was kept
in a water bath at 50 °C for the next 24 h to induce silica poly-
condensation. In the next step, the sample was thoroughly
washed by centrifugation at 9000 rpm for 10min rst with water
and then with ethanol. Then, the sample was dried in an oven at
70 °C for a few hours, ground in a mortar and dried at 110 °C
overnight before undergoing hydrophobization.

The hydrophobization of KPHI-Si was performed according
to the procedures developed by Resasco et al. and Erazo for the
hydrophobization of zeolites and oxides, respectively.33,43 For
this, 1 g of KPHI-Si was taken into a 20 mL vial and to that 18.5
mL of toluene was added. Aer adding toluene, 1.5 mL of
a hydrophobic agent being (trichloro(hexyl)silane (HTS) (KPHI-
Si-HTS), trichloro(octadecyl)silane (OTS) (KPHI-Si-OTS) or
1,1,1,3,3,3-hexamethyldisilazane (HMDS) (KPHI-Si-HMDS)) was
introduced to the same mixture and the vial was closed and
stirred overnight at 50 °C. The hydrophobized samples were
washed three times with toluene (about 10 mL of solution each
time) by centrifugation at 9000 rpm for 10 min. Aer the
washing, the solid was dried at 70 °C overnight to evaporate the
excess toluene and then the temperature was increased to 110 °
C for the complete drying of the material (for further details on
synthesis and hydrophobization see ESI‡).

The characterization techniques used for the prepared
materials are described in ESI.‡

Photocatalytic H2O2 production using ethanol, 1-butanol
and 1-octanol as electron donors was studied both in mono-
phasic and biphasic conditions under vigorous stirring. The
light source was a 406 nm LED (bandwidth of 16 nm) with
a power density of 4.2 mW cm−2 incident on the irradiated wall
of the reaction vessel. The concentration of produced H2O2 was
estimated photometrically using titanyl oxysulfate method.

3. Results and discussion
3.1 Preparation and characterization of hydrophobized PHI
materials

The direct reaction of KPHI with alkylchlorosilanes or HMDS
did not result in formation of hydrophobic materials since
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Materials characterization. Photographs of the doctor-bladed films of the prepared materials on FTO glasses with a droplet of water cast
on their surface with the respective photographs of the KPHI samples suspended in a biphasic H2O (bottom phase)/1-octanol (top phase)
mixture.
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polymeric carbon nitrides are known to be notoriously
unreactive and difficult to modify.44 Therefore, KPHI was rst
modied by sol–gel deposited silica that served as a platform for
the attachment of hydrophobic moieties. The success of this
hydrophobization procedure is demonstrated in Fig. 2, where
a water droplet in contact with the hydrophobized materials
exhibits large contact angles, whereby hydrophilic KPHI and
KPHI-Si lms show complete wetting (Table 1). Accordingly, all
hydrophobized KPHIs are also completely selectively dispersed
in the organic top layer of the biphasic H2O/1-octanol system
(Fig. 2).

The synthesized KPHI shows a typical X-ray diffraction (XRD)
pattern with the maxima at ca. 28.3° (3.14 Å) and 8.1° corre-
sponding to the (001) and (−110) crystal planes of KPHI,
respectively (Fig. 3A).41 The sol–gel modication of the parent
material with SiO2 does not signicantly alter the diffraction
pattern, with an exception that the peak intensities become
lower, owing to the dilution of KPHI with silica, and a slight
shi of the (001) reection can be observed (Table 1). The latter
effect is ascribed to the partial ion exchange of K+ for H+ and to
the protonation of the polyheptazine structure leading to the
changes in p–p stacking. This shi of the peak towards lower
2Q values is even more pronounced for the KPHI-HTS and
KPHI-OTS samples, resulting in the (001) peak position of ca.
27.4 (3.24 Å), while the XRD pattern of KPHI-HMDS does not
manifest such a displacement (Fig. 3A, Table 1). This further
peak displacement observed for KPHI-HTS and KPHI-OTS is
possibly due to a higher degree of protonation and of the extent
of exchange of K+ for H+ in the chloroalkylsilanes-modied
materials, which can be explained by the protonation effect of
HCl evolved during the hydrophobization as the result of the
silylation agent reaction with silanols.
Table 1 Properties of the prepared photocatalysts

Sample
Absorption
edge/eV

BET specic surface
area/m2 g−1 d-Spacinga/Å Crysta

KPHI 2.71 60 3.14 15
KPHI-Si 2.87 135 3.18 11
KPHI-HTS 2.98 136 3.24 8
KPHI-OTS 2.96 65 3.24 8
KPHI-HMDS 2.79 117 3.19 10

a Calculated from XRD data. b Calculated by Scherrer equation from X
photographic images of water droplets cast on the PHI lms using Image

This journal is © The Royal Society of Chemistry 2023
The Fourier-transform infrared (FTIR) spectra conrm that
the ngerprint region of PHI within 1700–1140 cm−1 remains
nearly unchanged aer each modication step (Fig. 3B). The
typical breathing mode of triazines is also clearly visible at
about 808–810 cm−1. The modication of KPHI with silica
produces a broad peak on FTIR spectra centred at 1090 cm−1

assigned to asymmetric Si–O–Si stretching and a maximum at
465 cm−1 corresponding to the Si–O–Si bending modes.45 The
protonation of the PHI structure is manifested in the FTIR
spectra of KPHI-HTS and KPHI-OTS by the reduction of the
intensity of the maximum at 2190 cm−1, which is a consequence
of partial hydrolysis of the cyanamide functions induced by HCl
(Fig. 3B). The incorporation of alkyl groups is evidenced on the
spectra of KPHI-HTS and KPHI-OTS by the peaks in the range of
2930-2950 cm−1 ascribed to C–H stretching vibrations. These
peaks do not appear in the spectra of another hydrophobized
sample KPHI-HMDS, due to a shorter alkyl chain and, possibly,
a smaller number of the graed functions.

The X-ray photoelectron spectroscopy (XPS) data conrm the
presence of Si in the modied PHI samples (see ESI, Fig. S1, S2
and Table S1‡). Notably, the presence of surface Si cannot be
corroborated by XPS for the KPHI-OTS sample, most likely due
to the long octadecyl chain of the hydrophobic agent covering
the surface of the KPHI particles (see ESI, Fig. S1 and S2d‡). This
is also supported by the C 1s XP spectrum of KPHI-OTS, where
the peak ascribed to C–C and C–H bonds in the octadecyl chain
which dominates over other carbon species contribution (see
ESI, Fig. S3 and Table S1‡). In combination with the low relative
sensitivity factor of Si 2p (0.82), the amount of Si on the surface
is below the detection limit.

XPS data also show that the protonation of PHI causes
a signicant change of the peak position of different nitrogen
llite sizeb/nm Silica contentc/wt% Contact angled/°

— —
26.6 —
24.3 137 � 3
26.8 138 � 2
24.3 138 � 4

Aer 24 h of irradiation: 131 � 4

RD data. c Estimated from TGA data. d Estimated by processing of
J soware with the contact angle determination plugin.

J. Mater. Chem. A, 2023, 11, 2314–2325 | 2317
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Fig. 3 Materials characterization. (A) XRD patterns and (B) FTIR spectra of the prepared materials.
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species in the materials (see ESI, Fig. S4‡). The N 1s spectrum of
KPHI-HMDS demonstrates an increase of the contribution at
399.9 eV compared to other samples, which might be attributed
to the non-hydrolyzed Si–NH bonds of HMDS (see ESI, Fig. S4‡).
The modied materials show a much higher surface concen-
tration of oxygen compared to that of the parent KPHI, its
presence can be linked to the deposition of SiO2 and to the
hydrolysis of silane groups of the hydrophobic agents (see ESI,
Fig. S5 and Table S1‡).
Fig. 4 Materials characterization. Thermogravimetric (TGA) and differen
KPHI-Si, (B) KPHI-HTS, (C) KPHI-OTS, (D) KPHI-HMDS materials.

2318 | J. Mater. Chem. A, 2023, 11, 2314–2325
A detailed thermogravimetric analysis (TGA) enabled us to
estimate the content of SiO2 in the modied PHI materials. The
parent KPHI loses ca. 93.4% of its mass by 1000 °C with the
mass loss in the high-temperature range of 850–1000 °C being
assigned to the potassium carbonates or oxides produced
during the decomposition of KPHI (Fig. 4A). The sol–gel
modication of KPHI with silica was carried out in acidic
conditions leading to K+ for H+ exchange, hence no mass loss
corresponding to potassium-containing compounds is observed
tial thermogravimetric (DTG) analysis of the (A) hydrophilic KPHI and

This journal is © The Royal Society of Chemistry 2023
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in the high-temperature range on the TGA prole of KPHI-Si
(Fig. 4A). The residue of 26.6 wt% formed upon the KPHI-Si
thermal decomposition at 1000 °C most likely corresponds to
the SiO2 content in the material. The TGA data obtained for the
hydrophobically modied KPHI-HTS (Fig. 4B), KPHI-OTS
(Fig. 4C) and KPHI-HMDS (Fig. 4D) allow the estimation of silica
content in these samples as 24.3, 26.8 and 24.3 wt%, respec-
tively. It is worth noting that the thus determined silica
concentration in the hydrophobized KPHI samples corresponds
both to the SiO2 incorporated during the sol–gel modication
step and to the silica formed as the result of thermal decom-
position of graed alkylsilane or methylsilazane moieties.
Another important feature that can be observed in the TGA
graphs is the appearance of the mass loss step in the 250-270 °C
range for the KPHI-HTS (Fig. 4B) and KPHI-OTS (Fig. 4C)
samples that corresponds to the oxidation of alkyl functions.
This effect is not visible for KPHI-HMDS as the graed HMDS
groups tend to be more thermally stable.46

The optical properties of the prepared materials are barely
affected by the graed hydrophobic functions and are mostly
conditioned by the protonation degree of PHI (ESI, Fig. S6‡).
The sol–gel silica modication of KPHI is carried out in acidic
conditions, which causes the absorption edge to blue-shi from
2.7 eV to 2.9 eV (Fig. S6‡) due to increased protonation of
KPHI.47 The protonation of KPHI by HCl released during the
hydrophobization makes this value to increase up to 3.0 eV for
the KPHI-HTS and KPHI-OTS samples (Fig. S6‡), while for
KPHI-HMDS the absorption onset is 2.8 eV close to that of the
parent KPHI (Fig. S6‡).

The scanning electron microscopy (SEM) images of the
prepared materials show that the modication with silica and
subsequent hydrophobization lead to the formation of smaller-
sized PHI particles, which is possibly due to the formation of
SiO2 around PHI, favouring its dispersibility (for detailed anal-
ysis of SEM images see ESI, Fig. S7‡). The SEM-EDX elemental
analysis shows the presence of Si in all modied samples and
evidences the reduction of potassium concentration upon the
sol–gel modication and hydrophobization procedures (see ESI,
Fig. S8 and Table S1‡). A comparative analysis of surface XPS
and bulk SEM-EDX elemental analyses indicates that the
surface-to-bulk ratio of K+ is below 1 for most of the samples.
This is in agreement with other report on PHIs,25 and suggests
that the potassium is likely to be found in the bulk of the
material, supposedly being a structural part of poly(heptazine
imide) network, while in case of KPHI-OTS the K+ ions are also
present in form of separated KCl (Table S1‡). The higher surface
content of C than that of N can be explained (i) by the formation
of surface carbonate species in the parent material or the
carbon atoms of the modiers (Table S1‡), and (ii) by the fact
that since the samples are prepared in air, there are denitely
some adsorbed hydrocarbons on the sample, which will be
visible in the surface sensitive XPS. As EDX probes a larger
volume, this additional carbon signal is much smaller. There-
fore, in XPS carbon seems to have a higher signal compared to
N.

The elemental analysis using scanning transmission elec-
tron microscopy combined with energy-dispersive X-ray
This journal is © The Royal Society of Chemistry 2023
spectroscopy (TEM-EDX) conrms a homogeneous distribution
of Si in the KPHI-Si sample as well as in the hydrophobized
materials (See ESI, Fig. S9‡). Nevertheless, it also evidences
some inhomogeneities in the distribution of K and Cl atoms
within the hydrophobically modied PHIs corresponding to the
formation of KCl salt during the silylation which was not
completely removed by washing with organic solvents (see ESI,
Fig. S9 and Table S1‡). These observations are consistent with
the results of SEM-EDX elemental analysis (see ESI, Fig. S8 and
Table S1‡). The comparison of high-resolution TEM images of
KPHI and KPHI-Si shows that the silica is not only homoge-
neously distributed on the surface of the PHI particles, but is
also present in the form of bers wrapped around the PHI
particles (See ESI, Fig. S10‡). Such ber morphology is expected
to be produced by the applied sol–gel technique that is known
to favour the formation of rod-shaped silica particles.42

In line with the SEM results, the BET specic surface area of
PHI is more than doubled aer the modication of the parent
material with silica (Table 1). This effect is mostly due to the
deposition of high surface area silica particles over PHI. The
increased specic surface area is observed for all modied
samples with an exception of KPHI-OTS, where a longer alkyl
chain of the graed alkylsilane could cause the blockage of
pores (Table 1).
3.2 Photocatalytic H2O2 production by hydrophilic and
hydrophobized PHIs

The performance of our hydrophobic photocatalysts in light-
driven H2O2 production in a biphasic system was tested using 1-
octanol and 1-butanol as water-insoluble organic electron
donors. The aim behind the choice of this substrate class is
twofold. Firstly, we intentionally avoided the use of aromatic
alcohols, such as benzyl alcohol, that are typically applied as
model substrates for selective photocatalytic transformations31

since, in line with the autocatalytic oxidation mechanism under
UV light reported recently,48,49 we found a conclusive and
unambiguous evidence for benzaldehyde-mediated (auto)pho-
tocatalysis of benzyl alcohol oxidation and H2O2 production
even under visible (>420 nm) light irradiation.35 In other words,
the benzaldehyde present as an impurity or formed during the
photocatalytic reaction can itself absorb light and further
oxidize benzyl alcohol to benzaldehyde and simultaneously
generate H2O2.35 Secondly, fatty alcohols, such as 1-octanol, are
useful chemical compounds that can be readily obtained from
biomass-derived chemicals, and the products of their partial
oxidation, such as 1-octanal (caprylaldehyde), octanoic (cap-
rylic) acid or octyl octanoate, represent a valuable feedstock for
the synthesis of emulsiers, pharmaceuticals and cosmetic
products.50–56 Moreover, due to its non-activated nature, the
oxidation of 1-octanol is very challenging even by the standards
of conventional thermal catalysis,52,57,58 and has been seldom
tackled by photocatalysis.59,60

The photocatalytic performance was assessed in H2O2

production under violet LED illumination (406 nm). In order to
establish the optimal photocatalyst loading, the preliminary
experiments were carried out under monophasic conditions
J. Mater. Chem. A, 2023, 11, 2314–2325 | 2319
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using 50% ethanol solution in water, later the established
loadings were further conrmed also for the biphasic condi-
tions. Expectedly, unmodied KPHI, among all other photo-
catalysts, required the lowest concentration (0.5 g L−1) for
attaining its optimal performance (see ESI, Fig. S11a‡). Other
materials, due to dilution of the photocatalytically active PHI
phase by silica and graed hydrophobic functions, need higher
loadings for their optimal operation with values of 1.0 g L−1 for
KPHI-Si and KPHI-HMDS and 1.5 g L−1 for KPHI-HTS and KPHI-
OTS (ESI, Fig. S11‡). The parent KPHI material showed the
highest reaction rate of H2O2 production using ethanol as an
electron donor, while each subsequent stage of the photo-
catalyst modication, rst with silica and then hydro-
phobization, led to a decreased activity (ESI, Fig. S11‡). This can
be explained by a partial blockage of PHI with photocatalytically
inactive species. The length of the graed alkyl chains does not
affect the performance of the photocatalyst to any signicant
extent. One may conclude that the diffusion of the reactants
through the hydrophobic shell of the photocatalyst is not the
limiting step of photooxidation reaction. However, in a biphasic
(i.e., with two immiscible liquids) reaction system and using
a more hydrophobic aliphatic alcohol as an electron donor,
such as 1-butanol, KPHI shows the lowest activity of all the
prepared photocatalysts while the higher concentrations of
produced H2O2 are observed for KPHI-Si and KPHI-HMDS (see
Fig. 5 Photocatalytic tests. Photocatalytic production of H2O2 in a biph
aqueous layer (bottom layer) having various HCl concentrations (A) no H
L−1 HCl. Conditions: 5 mL 1-octanol, 5 mL H2O, LED 406 nm (4.2 mW cm
the 5 mL volume of the aqueous layer. The photocatalyst concentrations
L−1 for KPHI-HTS and KPHI-OTS. The suspensions were saturated with

2320 | J. Mater. Chem. A, 2023, 11, 2314–2325
ESI, Fig. S12‡). 1-Butanol, although not completely miscible
with water, still has a relatively high solubility in it (73 g L−1). In
order to minimize the concentration of the electron donor in
the aqueous phase and thus achieve efficient separation of
oxidation and reduction products, 1-octanol was applied as
a hydrophobic electron donor as its solubility in water is only
0.3 g L−1. When the pH value of the aqueous phase of the
biphasic system was neutral, all the tested samples showed
extremely low activity towards H2O2 production (Fig. 5).
However, acidication upon the addition of HCl exerted
a clearly positive effect on H2O2 formation and its stability in the
reaction mixture with time (Fig. 5B–D, see also discussion
below). Such pH effects are common in photocatalysis, in
particular due to the pH dependence of surface (i.e., acidity/
basicity of active sites) and redox (i.e., band edge positions)
properties of most photocatalysts. It is noted, however, that
protons are not consumed during the reaction since protons for
H2O2 production are generated by the oxidation of 1-octanol.
The hydrophilic KPHI and KPHI-Si samples were capable of
producing 0.11 and 0.15mmol of H2O2, respectively, within 24 h
of irradiation when applying 0.5 mol L−1 HCl as an aqueous
phase (Fig. 5C). The higher reaction rates demonstrated by the
KPHI-Si with respect to that of KPHI might be attributed to
a less hydrophilic character of the former rooting in incomplete
hydrolysis and elimination of ethoxo-groups of TEOS. The
asic system comprising 1-octanol (top layer) as electron donor and an
Cl, pH 6.5–7.0, (B) 0.1 mol L−1 HCl, (C) 0.5 mol L−1 HCl and (D) 1.0 mol
−2), 22 °C, O2 1 atm. The indicated concentrations of HCl correspond to
are 0.5 g L−1 for KPHI, 1.0 g L−1 for KPHI-Si and KPHI-HMDS and 1.5 g

pure O2 before irradiation and after each sampling.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Photocatalytic tests. Photocatalytic production of H2O2 in
biphasic system using 1-octanol as electron donor. Conditions: 5 mL
1-octanol, 5 mL 0.5 mol L−1 HCl, LED 406 nm (4.2 mW cm−2), 22 °C,
O2 1 atm. The photocatalyst concentrations are 1.0 g L−1 and 2.0 g L−1.
The suspensions were saturated with pure O2 before irradiation and
after each sampling.
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impact of the acid concentration is much more signicant in
the case of hydrophobic materials that show a continuous
enhancement of the photocatalytic H2O2 production with
increased concentration of the acid in the aqueous layer of the
biphasic system (Fig. 5). The highest amount (0.36 mmol) of
H2O2 generated aer 24 h irradiation was achieved by KPHI-OTS
in a 1.0 mol L−1 HCl/1-octanol system (Fig. 5D). For ensuring
that the observed H2O2 production is a photocatalytic reaction
promoted by PHI, several control experiments were carried out
(ESI, Fig. S13‡). No signicant production of H2O2 was observed
by irradiation of pure 1-octanol as well as the mixture of 1-
octanol and 1-octanal. Conventional melon-type polymeric
carbon nitride derived from dicyandiamide also showed only
moderate activity in this reaction (see ESI, Fig. S13‡).

The oxidation of organic substrates by polymeric carbon
nitride photocatalysts is usually a very fast process,61 while the
reduction occurs on a much longer timescale and represents
typically the rate-limiting step of the overall photocatalytic
reaction.62,63 The obtained data show that the concentration of
H3O

+ ions in the aqueous phase of the biphasic system greatly
affects the rate of photocatalytic H2O2 production. This is
reminiscent of the electrochemical systems studied by the
group of Girault64,65 and further developed by Opallo66 and
Adamiak,67 where decamethyl ferrocene was used as a lipophilic
electron donor in the organic layer of a biphasic mixture,
however for H2O2 production it required the presence of
a proton donor in the aqueous phase. As the surface activity of
hydrated protons at the water/air interface is known to be very
high,68 the strong dependence of the observed H2O2 production
rate on HCl concentration is not surprising (Fig. 5). In other
words, we speculate that the concentration of H3O

+ in the
aqueous phase determines the rate of the protonation of the
PHI photocatalyst, which – apart from the photocatalytic func-
tion – might also act as a proton shuttle to the organic phase.
Indeed, protonation/deprotonation of the hydrophobized PHI
in a biphasic system takes place upon changing the pH of the
aqueous phase and is accompanied by the change of the
material's colour from yellow (deprotonated form) to white
(protonated form) (ESI, Fig. S14‡). This reasoning is in line with
the model for photocatalytic H2O2 formation at polymeric
carbon nitrides proposed by Shiraishi et al.9 The model implies
that the formation of the intermediate PHI surface-bound
species in the form of endoperoxide and protonated heptazine
nitrogen sites is a key aspect of selective H2O2 formation and its
desorption from the photocatalyst surface (ESI, Fig. S15;‡ see
also a simplied energy scheme in Fig. S29‡). It is also in accord
with the results previously published by our group, where we
found that the protonation of PHI plays a benecial role in
effective charge extraction from the photoexcited PHI.69

One of the crucial issues of photocatalytic H2O2 generation is
the possibility of separating the H2O2/water mixture from the
reaction medium, whereby the maximum concentration of
H2O2 in the aqueous phase that can be achieved represents
a key gure of merit.70 In this respect, the great advantage of the
application of a biphasic system is the immediate separation of
H2O2 into the water layer. In order to minimize the possibility of
decomposition of the formed H2O2 at the suspended
This journal is © The Royal Society of Chemistry 2023
photocatalyst, it is imperative to ensure the stability of the
graed hydrophobic functions towards photogenerated charges
and reactive oxygen species produced during irradiation. Long-
term experiments at intermediate concentrations of HCl in the
aqueous phase (0.5 mol L−1) have shown that the chlor-
oalkylsilane-modied PHI materials reduce their activity under
prolonged operation times and even the decomposition of
previously produced H2O2 can take place (see ESI, Fig. S16‡). In
contrast, HMDS-modied PHI remains active even aer 72 h of
irradiation, steadily forming hydrogen peroxide (ESI, Fig. S16‡).
It is evident from the photographic images of the used photo-
catalysts that KPHI-HTS and KPHI-OTS partially lose their
hydrophobic character aer long illumination, while this is not
the case for KPHI-HMDS that was found to be fully dispersible
in the organic layer even aer the total of 96 h of photocatalysis
(ESI, Fig. S17‡). Nonetheless, at higher concentration of HCl in
the aqueous phase, partial hydrophilization of KPHI-HMDS can
take place aer prolonged irradiation (24 h), as evident from
slightly decreased H2O2 production rate (ESI, Fig. S18‡) as well
as photographic images of the usedmaterial (See ESI, Fig. S19‡).
One may conclude that KPHI-HMDS owes its superior photo-
chemical stability to the absence of long alkyl groups that are
present in KPHI-HTS or KPHI-OTS and can be susceptible to the
reaction with photogenerated holes or reactive oxygen species.

As next we turn to a direct comparison of the photocatalytic
H2O2 production performance of the hydrophilic and hydro-
phobic photocatalysts under biphasic conditions. During the
rst 4 h of irradiation all hydrophobic photocatalysts show only
somewhat higher rates of H2O2 production compared to the
hydrophilic ones (ESI, Fig. S20 and Table S2‡). However, this
changes dramatically aer 24 h of the reaction, when only
a moderate increase of H2O2 concentration is observed for the
systems containing the hydrophilic KPHI and KPHI-Si photo-
catalysts (Fig. 6). In this context it should be noted that the
observed breakdown in H2O2 production rate using the hydro-
philic photocatalysts is not due to the photocatalyst deactivation
J. Mater. Chem. A, 2023, 11, 2314–2325 | 2321
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Fig. 7 Apparent quantum yield. Apparent quantum yield of photo-
catalytic H2O2 production in a biphasic system using 1-octanol as
electron donor. Conditions: 5 mL 1-octanol, 5 mL 0.5mol L−1 HCl, LED
406 nm (4.2 mW cm−2), 22 °C, O2 1 atm. The photocatalyst concen-
trations are 0.5 g L−1 for KPHI, 1.0 g L−1 for KPHI-Si and KPHI-HMDS
and 1.5 g L−1 for KPHI-HTS and KPHI-OTS. The suspensions were
saturated with pure O2 before irradiation and after each sampling.
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as the replacement of the aqueous phase with a fresh 0.5 mol
L−1 HCl solution aer 72 h of the reaction results in a complete
regain of the initial activity. The observed behaviour of the
hydrophilic photocatalysts in biphasic system is therefore
suggestive of the equilibrium reached in the aqueous system
between the formation of new H2O2 via O2 reduction and the
decomposition of the already formed H2O2, which clearly limits
the maximum achievable H2O2 concentration in the aqueous
phase. In contrast, the hydrophobic KPHI-HMDS material does
not show any indication of such limitations for at least 96 h of
total illumination (Fig. 6). Moreover, the H2O2 concentration in
the separated aqueous phase achieved during photocatalysis
with KPHI-HMDS aer 72 h irradiation is ∼0.12 mol L−1. To the
best of our knowledge, such a high value has never been re-
ported for any other light-driven H2O2 production systems in
which the obtained H2O2 would be already separated from
electron donor as well as from the photocatalyst.15,71 This
impressively demonstrates the advantage of performing the
conversion using a hydrophobized photocatalyst in a biphasic
system. It is noteworthy that aer continuous 24 h irradiation of
the KPHI-HMDS under the reaction conditions, it does not lose
its hydrophobicity. The recovered material is clearly hydro-
phobic with a contact angle of 130 ± 4° (ESI, Fig. S21‡).

In order to further corroborate our conclusions, we tested
the tendency of the photocatalysts towards the decomposition
of H2O2 under optimal biphasic conditions with H2O2 added to
the reaction system from the start. The hydrophilic photo-
catalyst KPHI and KPHI-Si aer 24 h of illumination cause the
reduction of initially introduced H2O2 concentration from 91.8
mmol L−1 to 35.2 mmol L−1 and 47.6 mmol L−1, respectively
(ESI, Fig. S22‡). These values are in the same range as those
observed during the H2O2 evolution in biphasic system for the
same photocatalysts in the interval from 24 h to 72 h of irra-
diation (Fig. 6). In contrast, when H2O2 is added at the start of
the reaction using the hydrophobic KPHI-HMDS photocatalyst, it
continues to produce H2O2 resulting in its higher concentration
aer 24 h of reaction compared to the initial one (ESI,
Fig. S22‡). These results are in line with changes of the apparent
quantum yield (AQY) of H2O2 formation (see ESI 2.2‡ for the
details) in the course of the photocatalytic reaction under
biphasic conditions (Fig. 7). One can see that the differences in
the performance of the hydrophilic and hydrophobic photo-
catalysts become more pronounced under prolonged irradia-
tion (for comparison with monophasic conditions see ESI,
Fig. S23‡). The AQY of the best-performing hydrophilic photo-
catalyst drops drastically from 7.6% aer 1 hour to 2.9% aer 24
hours, i.e., by a factor of ∼2.5. In contrast, the champion
hydrophobic PHI-based composite achieves AQY values of 9.4%
and 5.7% aer 1 h and 24 h, respectively, i.e., a drop by the
factor of only ∼1.6, hence aer 24 hours the AQY is nearly twice
as high for the hydrophobized photocatalyst than for the
hydrophilic one. All these results conrm the highly benecial
effect of using a hydrophobized photocatalyst in a biphasic
system for light-driven H2O2 production. The comparison of the
performance of our hydrophobic PHI photocatalysts with other
materials places it among the best-performing photocatalysts
for H2O2 production (ESI, Table S3‡). The fact that the produced
2322 | J. Mater. Chem. A, 2023, 11, 2314–2325
H2O2 is already separated from the PHI and organic reaction
products grants it an additional advantage over other photo-
catalytic systems.

In addition, we also conrmed that the optimal photo-
catalyst loadings established on the basis of the experiments
carried out in monophasic conditions are applicable to the
biphasic system as well. The increase of the KPHI-HMDS pho-
tocatalyst concentration in the biphasic system yields only
moderate improvement of the H2O2 production (>0.12 mol L−1),
while the doubling of the KPHI-Si loading has an opposite effect
leading to worse performance (see ESI, Fig. S24‡).

Since 1-octanol represents a readily available electron donor
with possibly valuable products of its oxidation, the organic
phase aer 96 h of irradiation of 1-octanol/0.5 mol L−1 HCl
mixture in the presence of various photocatalysts was analyzed
by gas chromatography with a ame ionization detector (GC-
FID) (ESI, Fig. S25‡). 1-Octanal, octanoic (caprylic) acid and
octyloctanoate, whose formation is promoted in the presence of
water,54 were conrmed to be among the reaction products. We
speculate that, similarly to the case of photooxidation of
aromatic alcohols (see Krivtsov et al.35), the aldehyde is
produced as the primary photocatalytic oxidation product,
while octanoic acid is later formed from it by photooxidation or
thermal oxidation via geminal diol formation, and nally octyl
octanoate is produced by octanoic acid esterication with 1-
octanol.54

The performance of the most efficient KPHI-HMDS photo-
catalyst was also studied under different light irradiation
sources conrming its activity under simulated solar light
irradiation using both AM 1.5G and 400 nm cut-off lter (ESI,
Fig. S26‡).

Notably, the here developed hydrophobized photocatalysts
are not only applicable for light-driven H2O2 generation, but can
This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Photocatalytic H2 evolution. Photocatalytic hydrogen evolution
from biphasic 1-octanol/water mixture performed by the PHI photo-
catalysts platinized with 3 wt% of Pt. Conditions: 5 mL 1-octanol, 5 mL
H2O or 0.1 M HCl, LED 406 nm (7.1 mW cm−2), 22 °C, He flow. The
photocatalyst concentrations are 0.5 g L−1 for KPHI and 1.0 g L−1 for
KPHI-HMDS.
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be also utilized for fatty alcohol reforming to molecular
hydrogen using platinum as a co-catalyst (Fig. 8). Interestingly,
the hydrophilic Pt–KPHI shows no activity toward H2 evolution if
the pH of the aqueous solution is neutral and the hydrogen
production for this material was only detected under acidic
conditions. This is not the case for the hydrophobic Pt–KPHI-
HMDS sample that is capable of photocatalytic H2 evolution
both under neutral and acidic conditions in the aqueous phase
(Fig. 8). These results suggest that the hydrophobic nature of
KPHI-HMDS is highly benecial for effective proton manage-
ment that is expected to play an important role in light-driven
H2 evolution in a biphasic system.

4. Conclusions

In this work, we provide the rst unambiguous demonstration
of the advantages of carrying out photocatalytic H2O2 produc-
tion in a biphasic system, yielding an aqueous H2O2 solution
already separated from the photocatalyst as well as from the
electron donor with unprecedentedly high H2O2 concentrations
(∼0.12 mol L−1) as compared to other photocatalytic systems.
This achievement was enabled by designing a hydrophobic
version of poly(heptazine imide) (PHI)-based ionic polymeric
carbon nitride in the form of a composite with alkylated silica.
The hydrophobized PHI photocatalyst can be selectively sus-
pended in the organic layer of a biphasic system comprising
a fatty alcohol and water as two immiscible liquids. Under
visible-light irradiation, the hydrophobized PHI-based photo-
catalyst oxidizes fatty alcohol as electron donor, while at the
same time oxygen is reduced to H2O2 that is instantaneously
extracted into the aqueous phase. The continuous separation of
the produced H2O2 effectively prevents its decomposition at the
photocatalyst surface, enabling thus achieving concentrations
of H2O2 in the aqueous phase that are much higher than for
conventional light-driven H2O2 production systems. We further
This journal is © The Royal Society of Chemistry 2023
demonstrate that effective proton management facilitates the
H2O2 production in a biphasic system as evidenced by the
strong effect of the proton concentration in the aqueous layer of
the biphasic system on the H2O2 production rate, which is
ascribed to more effective protonation of the hydrophobized
PHI that is one of the key steps towards the completion of the
two-electron oxygen reduction to H2O2. The long-term photo-
catalytic experiments conrmed the stability of the hydro-
phobized photocatalysts for at least up to 96 h without any loss
of hydrophobicity and only a very minor decrease in activity.
Finally, it should be noted that fatty alcohols are readily avail-
able from vegetable waxes and as pulping sub-products, and the
products of their partial oxidation represent a valuable feed-
stock for the synthesis of pharmaceuticals and cosmetic prod-
ucts. Our work thus not only showcases a rational design of
a robust photocatalyst for H2O2 production under biphasic
conditions that enables easy separation of the product from
electron donors and its recovery at very high concentrations, but
also paves the way for sustainable and economically viable light-
driven H2O2 production from easily available feedstock.
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