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In spite of the enormous promise that polymeric carbon nitride
(PCN) materials hold for various applications, the fabrication of
high-quality, binder-free PCN films and electrodes has been a
largely elusive goal to date. Here, we tackle this challenge by
devising, for the first time, a water-based sol� gel approach that
enables facile preparation of thin films based on poly(heptazine
imide) (PHI), a polymer belonging to the PCN family. The
sol� gel process capitalizes on the use of a water-soluble PHI
precursor that allows formation of a non-covalent hydrogel. The
hydrogel can be deposited on conductive substrates, resulting
in formation of mechanically stable polymeric thin layers. The
resulting photoanodes exhibit unprecedented photoelectro-

chemical (PEC) performance in alcohol reforming and highly
selective (~100%) conversions with very high photocurrents
(>0.25 mAcm� 2 under 2 sun) down to <0 V vs. RHE. This
enables even effective PEC operation under zero-bias conditions
and represents the very first example of a ‘soft matter’-based
PEC system capable of bias-free photoreforming. The robust
binder-free films derived from sol� gel processing of water-
soluble PCN thus constitute a new paradigm for high-perform-
ance ‘soft matter’ photoelectrocatalytic systems and pave the
way for further applications in which high-quality PCN films are
required.

Introduction

It has been a little more than a decade since polymeric carbon
nitride (PCN, otherwise known as melon, C3N4 polymer or g-
C3N4) was introduced as a novel type of solid photocatalyst.

[1] Its
chemical and thermal stability, low cost, non-toxicity, and
exceptional photocatalytic performance have made it an object

of studies of light-driven selective redox transformations[2] and
pollutant degradation,[3] solar cells research[4] and, owing to its
suitable valence (VB) and conduction (CB) bands positions,[1,5]

especially of photocatalytic H2 production from aqueous
suspensions.[1,5c,6] Many of these applications, in particular the
generation of solar fuels and other high-value compounds,[7]

would profit from operating the PCN within a proper photo-
electrochemical (PEC) cell setup, affording thus more efficient
charge separation and product isolation. However, this remains
a great challenge in view of poor adhesion/cohesion properties
of PCN, its unsatisfactory mechanical stability, inhomogeneity
and low conductivity of the resulting coatings.[8] In this context,
Antonietti and co-workers recently concluded that “…up to
now, broader applications [of PCN] as electronic semiconductors
were restricted by the limited processability, as the product is
neither soluble nor malleable.”[9] Indeed, the deposition of pre-
synthesized PCN materials on conductive and transparent
substrates by doctor-blading or drop-casting methods mostly
produced loosely assembled particulate PCN films exhibiting
poor mechanical stability owing to a large size of the PCN
particles, making thus the use of binders mandatory.[8a,10]

Though chemical vapor deposition routes utilizing conventional
PCN precursors[11] or their modified analogues[12] produced
more uniform coatings, they could not solve the problem of
poor adhesion of PCN to the substrate and often resulted in the
appearance of high dark currents indicating a low electro-
chemical stability of the films.[11b,12a] This drawback could only
be alleviated by applying an intermediate underlying mesopo-
rous layer such as TiO2 acting as binder and electron collector,
thus forming a hybrid electrode with improved PEC
performance.[11d,e,g,13]
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As an alternative approach, the direct PCN growth on
conductive substrates was also proposed.[8c,14] Since PCN itself
was not soluble in any of the tested organic solvents, its
precursors were used to grow a layer on the substrate via high-
temperature condensation, a notoriously uncontrollable proc-
ess, leading to the tens of micrometers thick films composed of
large loose particles. Such films typically exhibited suboptimal
mechanical and photo-operational stability, which was demon-
strated by the detachment of PCN particles from the film under
sonication and pronounced self-photooxidation revealed by
low faradaic efficiencies towards the reaction products.[14b,e] In
order to produce processable solutions or suspensions of PCN,
ultrasonication-assisted, thermal or chemical exfoliation has
been suggested.[15] Zhang et al. achieved processable suspen-
sions composed of ca. 310 nm PCN particles by the exfoliation
and oxidation of the bulk carbon nitride with HNO3.

[8b] The sol
processing followed by thermal stabilization yielded thin PCN
films that showed cathodic photocurrents of only few μAcm� 2,
likely due to a partial decomposition of the PCN structure by
the action of the strong oxidizing agent.

We have recently developed a novel synthetic procedure
yielding fully water-soluble and stable nanoparticles (~10 nm
size) of alkali metal poly(heptazine imide) (PHI),[16] a promising
member of the PCN family.[17] As our synthetic strategy avoids
the use of aggressive exfoliating or oxidizing agents that might
impair the material‘s structural integrity, the water-soluble PHI
(more precisely potassium and sodium ion/containing K,Na-PHI)
exhibited excellent photocatalytic activity in alcohol oxidation
and concurrent H2O2 production without any apparent
deactivation.[16] Notably, as the presence of hydrophilic oxy-
genated (mainly cyamelurate) moieties on the nanoparticle
surface is highly beneficial in view of effective attachment to
the surface of conductive substrates, such as fluorine-doped tin
oxide (FTO), and since the water-soluble PHI can be gelled,[16]

we anticipated that our water-soluble carbon nitride might be a
promising candidate for fabrication of high-quality photo-
electrode via sol� gel processing (Figure 1). Herein, we demon-
strate, for the first time, the fabrication of binder-free,
mechanically robust and photoelectrochemically stable PCN

photoanodes via an aqueous sol� gel technique with water-
soluble PHI using various and versatile protocols based on
electrodeposition, doctor-blading, and spray pyrolysis. The
excellent photoelectrocatalytic performance of the resulting
photoanodes is demonstrated in alcohol reforming and highly
selective (~100 %) photooxidations with exceptionally low
photocurrent onset potentials. The photoanodes thus enable to
carry out effective photoconversions even without any external
electric bias, and represent thus the very first ‘soft matter’ or
polymeric PEC system capable of bias-free alcohol photoreform-
ing. Finally, we provide comprehensive mechanistic insights
that elucidate the key factors (e.g., porosity and charge trans-
port properties) governing the photoanode activity and
stability, which should drive further optimization of this type of
PCN-based photoelectrodes.

Experimental Section
For the details on synthesis, characterization, experimental setup
and conditions for PEC measurements see Supporting Information.
Briefly, the PHI solution was synthesized followed the methodology
reported by Krivtsov et al.[16] A mixture of 0.2 g NaOH, 0.56 g KOH,
and 1.5 g melamine was treated for 2 h at 330 °C in a lid-covered
crucible. The solid reaction product was dissolved and dialyzed to
obtain the PHI solution.

The photoelectrodes were prepared on FTO substrates using
different methods: i) the electrochemical deposition technique by
applying a potential of 2 V vs. Ag/AgCl resulting in the formation of
a thin PHI layer, which subsequently underwent gelation induced
by 37% HCl (PHI-ED); ii) the doctor-blade method was used to
produce PHI-DB/HX and PHI-DB/SX electrodes (where X stands for
the heat treatment temperature applied subsequently) by deposi-
tion on FTO substrates of the PHI gels produced by HCl and
ethanol-induced gelation of the PHI solution, respectively; iii) the
spray-pyrolyzed films (PHI-SP/X, where X stands for the volume of
the PHI solution of 4.5 gL� 1 applied for pyrolysis) were obtained by
spraying the aqueous PHI sol on FTO substrates, which were heated
at 200 °C and continuously moved through the nozzle of the spray
to obtain homogeneous films.

Photocurrent measurements under simulated sunlight were carried
out at least in triplicates. Representative average photocurrent data

Figure 1. Schematic illustration of conventional approaches and our proposed method for fabrication of PCN photoelectrodes. The PEC performance of the
photoanodes derived from water-soluble PCN depends strongly on the processing method and increases in the order: electrodeposition<doctor-blading of
gels formed with HCl<doctor-blading of gels formed with ethanol.
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is plotted, and the uncertainty of photocurrent values is expressed
as �2σ (σ is the standard deviation).

Results and Discussion

Fabrication and characterization of the photoanodes

Recently, we introduced a bottom-up approach for the syn-
thesis of water-soluble PHI in the form of colloidal nanoparticles
(size ~10 nm), owing their solubility to the surface cyamelurate
groups.[16] Since smaller heptazine-derived species such as
cyameluric acid or its salts, although being catalytically relevant
sites in PHI materials, do not show any significant photocatalytic
activity on their own,[17c] the prepared water-soluble PHI colloids
might be considered as the dimensionally smallest photo-
catalytically active PCN units reported so far. This is one of the
key prerequisites for their successful use as a precursor for
fabrication of homogeneous, stable and highly photoactive
layers on conductive FTO surfaces, in contrast to conventional
approaches (Figure 1).

Owing to insolubility of the PHI colloids in most of the
tested organic solvents, the addition of ethanol allowed us
obtaining a PHI hydrogel that could be deposited onto FTO by
the doctor blade method (PHI-DB/S). Due to high dispersibility
of the K+ and Na+ containing PHI in water, the electrodes were
stabilized by heating at various temperatures under N2, showing
the best PEC performance when treated at 450 °C (Figures S3a
and S4a in the Supporting Information). The obtained films are
mechanically highly robust as demonstrated by a scotch tape
test (Figure S5, Video). The SEM images evidence the presence

of variously sized pores in this electrode with a thickness of
~400 nm (Figures 2a and S6b). The pores are also visible in the
atomic force microscopy (AFM) topography images showing a
rough surface of the PHI-DB/S450 electrode (Figure S7). An
alternative sol� gel preparation procedure consisted in gelation
of the PHI solution with HCl causing exchange of K+ and Na+

present in PHI[16] for H+ and leading to the formation of strong
H-bonding within the polymer, reducing thus its solubility. The
deposition of the gel on FTO by the doctor-blading and
subsequent thermal treatment at various temperatures pro-
duced PHI-DB/H films. The optimized PHI-DB/H400 samples
(Figures S3b, S4b) feature a uniform ~500 nm-thick compact
layer formed out of intertwined fiber-like particles (Figure 2b).
Apparently, the protonation of PHI does not only induce ion-
exchange, but it also promotes the H-bonding within the
material leading to formation of a more compact layer than in
case of the gelation using ethanol.

The electrodeposition of negatively charged[16] PHI colloids
onto FTO (PHI-ED), whose stability towards dissolution was
ensured by subsequent HCl-induced gelation, produced a
highly inhomogeneous film on FTO consisting of islands of PHI,
complicating the estimation of its thickness from the cross-
section SEM image (Figure 2c). The intention to produce thicker
films by either using higher voltages or longer electrodeposi-
tion time only led to mechanically unstable layers of PHI (Figure
S8).

Due to the thickness of 400–500 nm and inherently low
crystallinity of the PHI material, no peaks that could be assigned
to PCN phases are observed in the XRD patterns of the
fabricated electrodes (Figure S9a). Nonetheless, FTIR spectra
show the typical fingerprint of the PCN-based materials in the

Figure 2. Photographs and SEM images of a) PHI-DB/S450, b) PHI-DB/H400 and c) as-prepared PHI-ED. Scale bars are 500 nm.
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range of 1200 to 1700 cm� 1 and at 800 cm� 1 corresponding to
the ν(C� NH� C) and ν(C=N) stretching vibrations, and the
triazine ring breathing mode, respectively (for a detailed
discussion see Supporting Information, Figure S9b).[18] X-ray
photoelectron spectroscopy (XPS) analysis evidences the pres-
ence of the elements C, N, K, Na and O in the structure of the
PHI films (Figures S10–S14, Table S1), which is in agreement
with the data obtained for the precursor.[16] N1s XP spectra are
typical for the PHI materials, having major contributions
attributed to the sum of C� N=C and � C�N species (398.4–
398.5 eV), to the N� C3 groups

[19] (399–400 eV) and NHx functions
(400.9 eV) (for details on XPS analysis see the Supporting
Information, Table S2).

While the optical absorption edge of the PHI-DB/S450
sample is only slightly in the visible range (~435 nm) and the
protonation blue shifted[10b,20] this value to 415 and 395 nm in
PHI-DB/H400 and PHI-ED samples, respectively (Figures S15–
S17, Table S1), the materials do not demonstrate any significant
visible-light PEC activity (Figures 3d and S18). In spite of the low
thickness (~400 nm) of the most active PHI-DB/S450 films, the
light absorption is strong with absorption coefficients high
enough to absorb ~85% of incoming photons at photon
energy of 3.3 eV (~376 nm) (for the details on optical properties
see the Supporting Information, Figures S15–S17, Table S1). This
makes our films promising for photocatalytic applications
utilizing, for example, low-cost operating LEDs as light sources,
which allow for optimal control of the process operation and in
which the production cost of UV and visible photons is
comparable.[21]

Photoelectrocatalysis

The PEC performance of the films was first investigated by
potential-dependent (cathodic scan) photocurrent measure-
ments under intermittent irradiation. Although PCN-related
materials are known for their high chemical stability among
polymers,[1,22] special care has to be taken with respect to
experimental conditions since the decomposition of PCN
cannot be ruled out, especially in aggressive electrolytes.
Herein, we avoided the use of some commonly applied electro-
lytes such as H2SO4, KOH or NaOH due to the fact that PCN
materials were proven to be soluble in these media.[15d,23] We
have also confirmed the instability of the PHI-DB/S450 electrode
and some of other PCN-based photoelectrodes reported in
literature in basic electrolytes by carrying out experiments in
0.1m KOH (Figures S19, S20). Therefore, all PEC measurements
were performed using 0.1m Na2SO4 electrolyte with pH
adjusted to 7.

The best-performing photoanodes were obtained using the
doctor-blading with ethanol as a gelating agent and the heat
treatment at 450 °C (PHI-DB/S450). These films exhibited the
highest photocurrents in the presence of both methanol
(Figure 3a) and glycerol (Figure S21a) as electron donors, with
the latter being tested to demonstrate the applicability of our
photoanodes for the conversion of biomass-derived feedstock.
In the presence of methanol, the photocurrents at PHI-DB/S450
photoanodes reached the mean value of 320�40 μAcm� 2 at
1.23 V vs. RHE under 2sun backside (BS) illumination (Figure 3a).
For a direct comparison with benchmark data from the
literature,[10b,11a,b,f, 12,14b,c] the same experiments were carried out

Figure 3. Linear-sweep voltammetry (LSV) curves (scanned in cathodic direction with a sweep-rate of 5 mVs� 1) of a) PHI-DB/S450, b) PHI-DB/H400, and c) PHI-
ED in 0.1m Na2SO4 with and without 10% v/v methanol (pH7.0) upon on/off illumination (2 sun, 5 s light/5 s dark) from backside (BS), if not stated otherwise.
d) Photoaction spectra (IPCE vs. wavelength plots) of the thin films measured at 1.12 V vs. RHE in 0.1m Na2SO4 with 10% v/v methanol (pH7.0) under
intermittent monochromatic irradiation from the frontside (FS) and BS.
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also under 1 sun irradiation, resulting in photocurrents of 177�
27 μAcm� 2 at 1.23 V vs. RHE, which is, to the best of our
knowledge, the highest value reported so far for photoreform-
ing of alcohols at PCN-based electrodes in neutral electrolytes
without showing apparent photocorrosion (Figure S22). Impor-
tantly, the photoanodes exhibited a very negative photocurrent
onset potential (<0 V vs. RHE), so that even at 0 V vs. RHE
photocurrent densities of 253�12 μAcm� 2 (under 2 sun) could
be observed. The very negative photocurrent onset potential is
in line with the very negative quasi-Fermi level of electrons at
� 0.38 V vs. RHE as determined by open-circuit potential
measurements under high-intensity illumination (Figure S23),
which is close to the conduction band edge (� 0.63 V vs. RHE)
determined by cyclic voltammetry (Figure S24). Two points are
noteworthy in this context. Firstly, the half-wave oxidation
potential of hydroxymethyl radical, the product of one-electron
oxidation of methanol, is ca. � 0.32 V vs. RHE,[24] hence photo-
current doubling (via injection of an electron from the radical to
the conduction band) is rather unlikely (Figure S25), in contrast
to, for example, TiO2 electrodes where the conduction band
edge is relatively more positive (by ca. 0.5 V). Secondly, the
photocurrents at the best performing PHI-DB/S450 films do not
significantly depend on the applied potential in the range of 0
to 1.6 V vs RHE (Figures 3a and S26). This is reminiscent of the
typical behavior of mesoporous and nanocrystalline TiO2

photoanodes,[25] in which the charge separation is not—in
contrast to conventional compact semiconductors—controlled
by the potential gradient over the space charge region, but the
photocurrent generation is governed by the efficiency of the
photogenerated electron/hole transfers at the semiconductor/
electrolyte and semiconductor/FTO interface and by the trans-
port of electrons through the film.[25] The increase of the PHI
film thickness by using more scotch-tape layers during the
doctor-blade preparation of the electrodes did not improve the
PEC performance (Figure S27a). Under frontside (FS) illumina-
tion of PHI-DB/S450, the photocurrents were ~185 μAcm� 2 at
1.23 V vs. RHE under 2 sun (Figure S28a), which is lower by
~40% as compared to the backside (BS) illumination. This
indicates that, under high intensity illumination, the photo-
current generation in PHI-DB/S450 is mainly limited by the
transport of electrons across the film since the transfer of
photogenerated holes to species in the electrolyte can be
expected to occur readily within the porous structure of the
PHI-DB/S450 photoanodes (cf. Figure 2a). Intriguingly, in con-
trast to the results obtained under high intensity polychromatic
irradiation where BS illumination was optimal, under low
intensity monochromatic irradiation the incident (IPCE, Fig-
ure 3d) and absorbed (APCE, Figure S18a) photon-to-current
efficiencies show higher values for the FS measurements. We
speculate that this apparent contradiction might be related to
the much lower intensity of the monochromatic light used
(without bias light) for the electrode irradiation during these
experiments as compared to measurements done under high
intensity polychromatic irradiation, and/or to inhomogeneous
distribution of porosity in the PHI-DB/S450 film.

The oxidation of different electron donors at the PHI-DB/
S450 photoanodes was also investigated and resulted in similar

photocurrents in the presence of secondary alcohol (isopropa-
nol), lower photocurrents (ca. 200 μAcm� 2) for the oxidation of
an aromatic alcohol 4-methoxybenzyl alcohol (4-MBA), and
almost no photocurrents were registered when using tertiary
alcohol (t-butanol) or ethylenediaminetetraacetic acid (EDTA)
(Figure S29). These results can be well rationalized by the
moderate oxidative potential of the PHI’s HOMO level, thus
rendering it high selectivity in partial oxidation reactions.[16,26]

In addition, we also explored the PEC properties of films
obtained from alternative methods of sol� gel fabrication. Firstly,
the HCl-protonated PHI films (PHI-DB/H400) prepared using HCl
as gelating agent showed photocurrents of ~50 μAcm� 2 at
1.23 V vs. RHE for the FS and around 20 μAcm� 2 for the BS
illumination in the presence of methanol (Figure 3b). Notably,
apart from lower photocurrents these electrodes differ signifi-
cantly also in other respects from the previously described
optimal PHI-DB/S450 photoanodes obtained by gelation using
ethanol. Higher photocurrents under the FS (as compared to
the BS) illumination reflect the more compact morphology of
these photoanodes, rendering now the hole transfer into the
solution as the limiting factor. Furthermore, the electrodes
exhibit a much stronger potential dependence and the sign of
photocurrents switches from anodic to cathodic at � 0.2 V vs.
RHE (Figures 3b and S21b). Such effects are known for PCN[11e,27]

and indicate that the behavior of these materials resembles that
of wide-bandgap intrinsic semiconductors with low conductiv-
ity, without any pronounced n-type nor p-type character.[11e]

Secondly, the film formation from water soluble PCN could also
be initiated electrochemically. However, the resulting PHI-ED
films exhibited low photocurrents of ca. 1 and 4 μAcm� 2 at
1.23 V vs. RHE in the absence and the presence of the electron
donors, respectively (Figures 3c and S21c). Finally, as an
alternative to the applied sol� gel technique for the electrode
fabrication, the applicability of a potentially high-throughput
spray-pyrolysis method for the PHI photoanodes preparation
was tested. High quality of the obtained coatings (PHI-SP) is
evident from the SEM images showing a comparable film
thickness in the range of 400–500 nm to those obtained by the
sol� gel technique (Figure S30). Comparing to the sol� gel
procedures, the samples prepared by spray-pyrolysis showed
moderate activity with photocurrents reaching ca. 80 μAcm� 2 at
1.23 V vs. RHE (at 2 sun illumination) for the best sample
(Figure S31a).

The above results clearly show that the PEC properties and
performance of the photoanodes depends strongly on the
sol� gel deposition protocol used. The photocurrents at the
best-performing photoanodes (PHI-DB/S450) were higher by
the factors of 6 and 64 as compared to the photocurrents
recorded at PHI-DB/H400 and PHI-ED, respectively. We assume
that the superior PEC performance of PHI-DB/S450 is mainly
due its enhanced porosity (Figures 2a,b and S7), allowing thus
more efficient hole transfer from the excited PHI into the
electrolyte (Figure S32). In addition to that, within the porous
structure of PHI-DB/S450 the detrimental effects of electron
accumulation in the films can be partially mitigated by effective
screening of the accumulated negative charge by ions in the
electrolyte. The fact that the PHI-DB/S450 film can be easily
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permeated by the electrolyte is also confirmed by the presence
of reduction and oxidation peaks in the cycling voltammograms
recorded in the presence of the hexacyanoferrate redox pair,[28]

whereby at much more compact (non-porous) PHI-DB/H400
and PHI-SP films the hexacyanoferrate redox waves are
completely absent (Figures S32 and S31b). Notably, the higher
porosity of PHI-DB/S450 accounts for more efficient hole
extraction and less pronounced PHI self-oxidation, increasing
thus also its stability. These superior properties of the porous
PHI-DB/S450 films are further corroborated by electrochemical
impedance spectroscopic (EIS) studies carried out in the
presence of the hexacyanoferrate redox couple, which shows
that both the film resistance (characterizing the charge trans-
port through the PHI layer) and the interfacial charge transfer
resistance are more than 200 times lower for PHI-DB/S450 than
for the compact PHI-DB/H400 sample (Figure S33, Table S3).
The possible contribution of K+ and Na+ ions in PHI-DB/S450 to
its increased activity was ruled-out by rinsing the films in 2 m

HCl solution leading to an almost complete loss of alkali-metal
cations (Figure S11, Table S1), while the PEC performance
remained unchanged (Figure S34a). On the other hand, the
attempt to activate the PHI-DB/H400 electrode by its treatment
in KOH/NaOH solution only yielded a moderate improvement of
its activity (Figure S34b), which was likely due to the film
etching and the enhanced porosity rather than to ion-exchange,
since no increase of the alkali metals content was observed
(Figure S13, Table S1).

Photoelectrocatalytic reforming and conversion of alcohols
under zero external bias

Although complete PEC water splitting is an attractive technol-
ogy, the sluggish kinetics of oxygen evolution with correspond-
ingly high overpotentials and stability issues of the photoanode
still impede its broad implementation. On the other hand, the
photoreforming of biomass-derived molecules usually treated
as waste or byproducts represents a viable alternative route for
photocatalytic hydrogen fuel production.[29] We anticipated that
the exceptionally low photocurrent onset potential (<0 V vs.

RHE, Figure 3a) during alcohol oxidation at our PHI-DB/S450
photoanodes should enable effective alcohol photoreforming
even without any external electric bias.

Indeed, we observed H2 evolution at a Pt counter electrode
under bias-free conditions in a two-electrode setup (0 V vs. Pt)
in a neutral methanol-containing aqueous electrolyte (Fig-
ures 4b and S35a). The H2 evolution is clearly light-initiated as
no hydrogen was detected during the first 30 min of the
experiment under dark conditions. The increase of the GC signal
corresponding to H2 after the light is switched off is attributed
to the diffusion of the produced H2 gas from the solution and
from the surface of the Pt electrode into the headspace. After
the equilibrium is reached and the irradiation started again, a
clear increase in the H2 production is observed again (Fig-
ure 4b). Similar performance is demonstrated under relatively
low applied potential (0.5 V vs. Pt), whereby much higher
photocurrents and amounts of the evolved hydrogen are
observed (Figures 4c and S35b). To the best of our knowledge,
our photoanodes represent the first example of an organic or
polymer-based ‘soft matter’ PEC system capable of bias-free
photoreforming of alcohols. Here, we also highlight the fact
that the methanol photoreforming reaction CH3OH (l)!HCHO
(g)+H2 (g) is an endergonic (standard reaction Gibbs energy
ΔrG

A
298 K= +63.7 kJmol� 1),[30] hence nominally an artificial photo-

synthetic reaction. Moreover, the applicability of the prepared
photoanodes was also tested in conversion of other biomass-
derived model substrates such as glycerol (Figure S36) and 4-
MBA (Figure S37), with photocurrents and H2 evolution rates in
the same range as those obtained with methanol.

In order to demonstrate the applicability of our photo-
anodes also for selective photoelectrocatalytic conversions and
to prove unambiguously that the generated photocurrents and
H2 evolution at the counter-electrode are accompanied by the
substrate oxidation at the photoanode rather than by its
photocorrosion, we also tested the selective conversion of 4-
MBA, a lignin model molecule, to 4-anisaldehyde. This reaction
is known to proceed with very high selectivity in irradiated PHI
suspensions.[16] Only minor quantities of 4-anisaldehyde were
formed in blank experiments using FTO and Ti as working and
counter electrodes, respectively (Figure S38). In contrast, at the

Figure 4. a) Potential scheme for bias-free photoreforming of methanol in a two-electrode setup using a porous PHI-DB/S450 photoanode and a Pt counter
electrode; negligible (<0.1 V) overpotential is assumed for H2 evolution at Pt; CB and VB stand for conduction band edge and valence band edge, respectively;
*EFn and *EFp stand for the quasi-Fermi level of electrons and holes in the porous film, respectively; for details see Supporting Information, Figure S25.
Photocurrents (black) and area of the peak assigned to H2 (red) detected by the GC-BID for PHI-DB/S450 in 0.1m Na2SO4 with 10% v/v methanol under 2 sun
irradiation in argon in a two-electrode setup at b) 0 V vs. Pt and c) 0.5 V vs. Pt.
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PHI-DB/S450 photoanodes the PEC conversion of 4-MBA to 4-
anisaldehyde proceeded with excellent selectivity (~100%)
even under zero-bias conditions in a two-electrode setup
(Figures 5a and S39a). The very high selectivity of ~100% over
the whole extent of the reaction was confirmed under applied
bias (1.1 V vs RHE) in a three-electrode cell, which enabled
higher yields and thus a more accurate quantification of the
faradaic efficiency towards 4-anisaldehyde (Figures 5b and
S39b).

Operational stability

The operational stability remains one of the critical issues
hindering the application of soft-matter photoanode materials.
The very good electrochemical stability of the PHI-DB/S450 film
is supported by practically absent dark currents at potentials of
around 1.6 V vs RHE (Figure 3a), which is in stark contrast to
what is frequently reported for PCN-based photoanodes,
especially when tested in aggressive electrolytes.[14b,31] More-
over, the photocurrents measured in the absence of additional
electron donors are ca. 20 times lower than those obtained
using methanol (Figure 3a) or glycerol (Figure S21a). Such a
drastic difference in the photocurrents with and without
additional reducing agents is in line with reports that PCN-
based systems are incapable of four-electron water oxidation to
dioxygen without assistance of a co-catalyst.[11e,32] Although
PCN-promoted water photooxidation was sometimes sug-
gested, solely on the basis of recorded photocurrents, to occur
in some studies, it has typically not been supported by direct
experimental evidence of oxygen evolution.[14b,c,33] In addition, it
has been shown that it was primarily the photocorrosion that
was responsible for high photocurrents as only small amount of
oxygen could be detected in the absence of electron donors
and/or the faradaic efficiency for oxygen formation was that
low to suggest that other PEC reactions, such as oxidation of
PCN itself, were occurring.[14e,34] Therefore, we assume that
photocurrents observed at PCN-based photoanodes in aqueous
electrolytes in the absence of any additional electron donors
are mostly due to photocorrosion, leading to the formation of

nitrates[35] or partially oxidized heptazine or triazine species. In
this context, the very low photocurrents obtained for PHI-DB/
S450 under such conditions (black curve in Figure 3a) are
significant and indicate a very good inherent PEC stability of
our photoanodes. Indeed, the PHI-DB/S450 photoanodes oper-
ated in the presence of additional electron donors demonstrate
stable photocurrents for up to 8 h of irradiation both with
applied external potential and under zero bias (Figures 5 and
S39). The rapid decay of the initially very high photocurrents to
more stable values observed during the first hour of irradiation
(Figures 4a, 5a) can be most likely ascribed to excessive electron
accumulation in the PHI film, which is a known bottleneck of
PCN-based photocatalysts.[15b] Especially under zero external
electric bias, the accumulated electrons are less efficiently
extracted from the film into the underlying FTO, making thus
the initial photocurrent decay more pronounced. Further long-
term stability tests were carried out at 1.1 V vs. RHE under 2 sun
illumination. It should be noted that typical stability tests
reported in the literature so far were done for much shorter
times (~1 h of irradiation),[11b,14b, 33] whereby at longer times a
drastic drop of activity (by 93% within 10 h) has been usually
observed.[12b] In contrast, the activity of our PHI-DB/S450 photo-
anode is maintained at nearly the same level for the first hour
of irradiation, followed by a drop to 61% after 5 h, and
eventually decreasing to 35% of initial photocurrents after 16 h
of irradiation (Figure S40). Notably, in spite of the decreased
photocurrent, the mechanical integrity of the film is preserved
(Figure S41). The deactivation kinetics of the PHI-DB/S450
electrode increases upon increasing the irradiation power,
which again suggests the effect of electron accumulation on
the material stability (Figure S40). EIS measurements after the
long-term stability test indicate a higher internal resistance of
the film (lower n values of the constant phase element, CPE2,
parameter) which might be responsible for the decrease in
photocurrent density (Table S4, Figure S42). A more detailed
investigation of deactivation (for the discussion see Supporting
Information) revealed that the performance of the PHI-DB/S450
films is stable in the potential range of 0 to 1.6 V vs RHE
(Figure S43). However, applying excessive negative potentials
(below 0 V vs. RHE) to the photoanode causes a dramatic

Figure 5. Photocurrent density (black) and experimental (red) and theoretical (blue) 4-anisaldehyde concentration registered for PEC oxidation of 4-MBA
(20 mm) in 0.1m Na2SO4 over PHI-DB/S450 under 2 sun irradiation in Ar atmosphere at a) 0 V vs. Ti (two-electrode setup) and b) 1.1 V vs. RHE (three-electrode
setup). A Ti foil was used as a counter electrode in order to avoid thermal catalytic oxidation of 4-MBA at Pt. The experimental faradaic efficiencies slightly
exceeding the theoretical values are due to analytical limitations related to water evaporation from the reaction cell caused by continuous purging with Ar.
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reduction of the photocurrent density during the subsequent
PEC cycles (Figure S44), although the film stays mechanically
stable (Figure S45). Intriguingly, this deactivation occurs also
without irradiation, but does not occur if the measurement is
carried out in the absence of organic electron donors (Fig-
ure S2). The EIS measurements have again shown that the n
values for CPE2 being initially typical for the capacitor (n=1)
changed to n=0.3 (for a pure resistor n=0), indicating a higher
internal resistance of the PHI-DB/S450 film upon deactivation
(Table S4, Figure S42). We have developed several hypotheses
with respect to the nature of the PHI deactivation such as
i) deterioration of the interfacial contact of the film with FTO, in
which tin is reduced in this potential range (Figures S46, S47);
ii) the effect of a possible exchange of K+ for Na+ or H+ in the
PHI structure, and iii) generation of a PHI*� radical[15b,36] followed
by irreversible reaction with the organic substrate or the
products of its oxidation. While the first two hypotheses could
be effectively ruled out (for a detailed discussion see Support-
ing Information, Figures S47, S48), the last one is most likely
correct, as corroborated by the fact that an addition of a good
electron acceptor (H2O2) to the methanol-containing electrolyte
completely mitigated the deactivation of the photoelectrode
(Figure S47f). Based on this, we assume that the partial
deactivation observed either after prolonged operation or
occurring upon applying excessively negative potential has a
similar reason in both cases: it is related not to the deterioration
of the molecular structure of the PHI material as the typical
fingerprint IR bands are almost unchanged upon deactivation
(Figure S49), but rather to irreversible chemical reactions with
organic substrates induced by the negatively charged PHI, such
as condensation reactions between the organic substrates or
the products of their oxidation and the PHI surface sites.[37] In
turn, these chemical changes within the porous structure of
PHI-DB/S450 influence negatively both the interfacial charge
transfer and electron transport properties within the film, in line
with the above mentioned EIS results. The AFM study confirms
the integrity of the film after the long-term PEC reactions as
well as after applying negative potential to the film, however it
also indicates an increased roughness of the electrode surface
after prolonged operation suggesting that the morphological
changes might be a relevant factor contributing to the material
deactivation (Figures S50, S51, Table S5). It follows that further
efforts in developing this new type of PCN photoanodes must
take into account the peculiar photoinduced chemistry of PHI
materials, and further studies aimed at understanding and
optimizing the effect of operational conditions on activity and
stability are mandatory.

Conclusions

The fabrication of high-quality polymeric carbon nitride (PCN)
films and photoelectrodes has been a largely elusive goal,
especially due to the lack of effective solution processing routes
for PCN. In this work, we have established a novel and versatile
sol� gel route for fabrication of robust and binder-free PCN
films. We employed a water-soluble PCN precursor composed

of small (~10 nm) K,Na-poly(heptazine imide) (PHI) nanopar-
ticles that enabled us to form a non-covalent hydrogel that can
be deposited on a conductive substrate, resulting in formation
of mechanically stable PCN thin layers, in contrast to the
commonly obtained loosely attached thick particulate coatings.
Under optimized conditions, the process yields porous PCN
photoanodes that exhibit unprecedented photoelectrocatalytic
performance in terms of activity, selectivity, and operational
stability with respect to currently known organic and polymer-
based photoelectrodes. Apart from high photocurrents that are
among the highest reported for PCN-based electrodes, our
photoanodes stand out, in particular, by their very negative and
steep photocurrent onset. This unique feature allows to carry
out various useful photoelectrocatalytic conversions even with-
out any external electric bias, as demonstrated by effective
light-driven reforming of methanol and glycerol to hydrogen,
and by highly selective (~100%) photooxidation of 4-MBA to 4-
anisaldehyde. In this context, three points are noteworthy. First,
glycerol and 4-MBA represent biomass-derived molecules,
which highlights the applicability of our photoanodes for light-
driven valorization of low-value chemical feedstock to value-
added compounds.[7,38] Second, we point out that photoreform-
ing of methanol is thermodynamically an endergonic (ΔrG

A
298 K=

+63.7 kJmol� 1) reaction, hence nominally an artificial photo-
synthetic conversion, and that—to the best of our knowledge—
our photoanodes represent the very first example of an organic
or polymer-based ‘soft matter’ PEC system capable of photo-
reforming of alcohols under bias-free conditions. Finally, in
contrast to conventional metal oxide-based photoelectrodes at
which high product selectivities are typically difficult to achieve,
the excellent selectivities (~100%) of photoelectrocatalytic
transformations demonstrated for this novel class of PCN
photoanodes derived from water-soluble PCN constitute a
particularly remarkable feature with a great promise for future
practical applications.[7,38] The robust binder-free films derived
from sol� gel processing of water-soluble PCN thus establish a
new paradigm for high-performance ‘soft-matter’ photoelectro-
catalytic systems and pave the way for further applications in
which high-quality PCN films are required, such as electro-
chemical sensors[39] or (photo)batteries.[36b]

Supporting Information

Experimental details; additional characterization results (XRD,
XPS, FTIR, AFM, EIS, photoelectrocatalysis, stability tests); video
of the scotch-tape test (Scotch_tape_test.mp4).
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