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A B S T R A C T

Visible-light responsive, stable, and abundant absorbers are required for the rapid integration of green, clean,
and renewable technologies in a circular economy. Photoactive solid–solid heterojunctions enable multiple
charge pathways, inhibiting recombination through efficient charge transfer across the interface. This study
spotlights the physico-chemical synergy between titanium dioxide (TiO2) anatase and carbon nitride (CN) to
form a hybrid material. The CN(10%)-TiO2(90%) hybrid outperforms TiO2 and CN references and literature
homologs in four photo and photoelectrocatalytic reactions.

CN-TiO2 achieved a four-fold increase in benzylamine conversion, with photooxidation conversion rates of 51,
97, and 100 % at 625, 535, and 465 nm, respectively. The associated energy transfer mechanism was elucidated.
In photoelectrochemistry, CN-TiO2 exhibited 23 % photoactivity of the full-spectrum measurement when using a
410 nm filter. Our findings demonstrate that CN-TiO2 displayed a band gap of 2.9 eV, evidencing TiO2 photo-
sensitization attributed to enhanced charge transfer at the heterointerface boundaries via staggered hetero-
junction type II.

1. Introduction

Photoelectrocatalysts for powering solar-driven chemical reactions
need to effectively capture a broad range of sunlight, including visible
photons, and generate electron-hole pairs with sufficient lifetimes to
diffuse and initiate catalytic reactions with reasonable quantum yields
while preventing back reactions. [1].

Titanium dioxide (TiO2), an archetypical photocatalyst, is the most
widely studied semiconductor (SC) for photocatalytic reactions due to
its high activity, particularly its strong oxidation potential. [2,3] Unfa-
vorably, TiO2 has a wide band gap that limits solar spectrum utilization
and has fast recombination kinetics. [4] For those reasons strategies like
doping, [5] single-atom anchoring, [6] nanostructuring, [7] photonic
engineering, [8] adding surface plasmons, [9] surface functionalization
or passivation, [10] facet modulation, [11] and mesoporous structures,
[12] co-catalysts, [13] and heterojunctions [14] have been applied to
address these drawbacks. [4].

Heterojunctions are interfaces between two distinct SCs, which are
versatile hybrid materials in photo- and electro-catalysis. [15] They
enable the precise control of charge carrier flows, govern electron
transport, define surface physics events, manage interfacial transport
processes, and guide electron directions at the boundaries. [16] This
fosters the rational design of chemical reactions and, combined with
these benefits, they greatly enhance the efficiency in environmental and
energy-related processes and devices. Analogous to the photocatalytic
mechanism in SCs systems, where the SC carries out both light absorp-
tion and charge transport, [17] in a heterojunction, a sensitizer (medium
or small band gap SC) absorbs light, [18] and charge separation occurs
across the interface formed. This separation happens when electrons,
generated by photo-excitation in the conduction band (CB) of the
sensitizer (medium band gap SC, CN), are potentially injected into the
CB of the wide band gap SC, TiO2. [19] In fact, this sensitization effect
was elucidated in dye-sensitized solar cells, [20] using organic dyes in
contact with a mesoporous TiO2-based multijunction with a femto-
second (fs) to sub-picosecond (ps) charge transfer rate to capture light
and generate electricity. [12,19,21].

Engineering a heterointerface consists of using a medium or small
band gap SC2 in intimate contact with a wide-band gap SC1 such as
TiO2. [22]) Particularly, CN exhibits key benefits when forming the CN-
TiO2 heterointerface [23,24]; offering the photosensitization effect by
extending TiO2 light-absorption to the visible range to further exploit
the use of solar spectrum, and improved charge transfer kinetics.
Consequently, numerous electrode-engineered catalysts, denoted as
CNx-MOx (where M is any metal forming a stable oxide), have been
developed. [23,25–32] The CNx-MOx system offers two key advantages:
a) extending oxide light absorption, and b) enabling new charge transfer
pathways. These improvements enhance two critical aspects of an active
semiconductor: photon generation and diffusion. However, these sys-
tems have been studied under white light or with cut-off filters, which

limits the precise evaluation of their performance under monochromatic
light.

The single wavelength performance analysis offers advantages: it
enables precise photoexcitation to distinguish wavelength specific
phenomena, and determines the photon absorption percentage in a
narrow energy range. [33,34] Consequently, single wavelength photo-
electrocatalysis offers a step forward to the next generation of visible-
light responsive hybrids. [35,36] Literature studies indicate a few bot-
tlenecks, typical synthesis entails multiple steps, a technical limitation
for high-throughput implementation or scaling up. [37,38] Bulk or thin
film methods are commonly used, often accompanied by pre- or post-
thermal treatments. Regarding the standard photocatalysis protocol,
one large drawback is the use of considerable concentrations of non-
recyclable sacrificial agents and high loadings of a co-catalyst, result-
ing in increased costs, environmental impact due to waste generation,
and toxicity concerns. [15,39] Given the complexity of material prepa-
ration and testing, evaluating visible-light responsive SCs under specific
monochromatic light is critical to developing new technologies.

The theoretical band edges of TiO2 and CN are misaligned, thus
forming a staggered type II heterojunction as depicted in Fig. 1 [40] In
type II heterojunction, the CB of CN is above that of TiO2, while
conversely the valence band (VB) of the TiO2 is below that of CN. This
band offset creates multiple charge carrier paths, promoting efficient
charge separation with ease to diffuse, available in the surface to facil-
itate surface redox reactions. In this heterojunction, electrons and holes
move in opposite directions: photoexcited electrons in the CB of CN
migrate to the CB of TiO2, and TiO2 photogenerated holes in its VB
migrate to the VB of CN. [41] In fact, fs-transient absorption [42] and
diffuse [43] spectroscopies have detected rapid charge transfer in ho-
mogeneous and heterogeneous CN-TiO2 systems with 1 and a few tens of
ps, respectively.

Organic photocatalysis, an emerging research area, is a versatile tool
with potential to address current challenges in organic chemistry while
adopting environmental practices. [44] Oxidative organic photo-
catalysis is an emerging sub-field with proven promise. [44] Its attrac-
tiveness relies on converting substrates by photon activation into added
value chemicals. In fact, oxidative photocatalysis converts benzylamine
to dibenzylimine, a highly valuable chemical. Imines and their de-
rivatives are vital for building heterocycles and linear units like imid-
azoles, palladacycles, oximes, and hydrazones, constituting a market
worth of 1 billion EUR. [45] The common industrial organic synthesis
uses platinum (Pt), aluminum, nickel, or copper catalysts that require
multiple step reactions. Despite this approach being scalable and of
high-yield, it is also time-intensive, costly, and unsustainable. In
contrast, photocatalysis offers a path to comparable imine yields with a
greener and simpler method via photoinduced energy transfer based on
sustainable catalyst materials.

Photo(electro)chemistry (PEC) offers a reliable and well-established
evaluation method used with immobilized catalysts. [46] By anchoring
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the catalyst onto an electrode, its separation from the reaction medium
is ensured, allowing to conduct studies of aqueous reactions of amines,
alcohols, or water. [1,15,47,48] Presently, pH-dependent state-of-the-
art catalysts for the particular case of water oxidation PEC predomi-
nantly consist of iridium, ruthenium, and other oxides. [49–51] These
metallic components have significant drawbacks that diminish their
suitability as scalable technology, including limited availability, high
costs, potential raw material shortages for scaled production, and sus-
ceptibility to dissolution. Like PEC, efficient photocatalytic hydrogen
(H2) evolution (HER) is of great importance, [52,53] and the most
effective catalyst for this purpose is SrTiO3:Al material. [54] However,
the preparation of this catalyst involves multi-step protocols, high
temperatures, and UV photon activation, creating opportunities for so-
lutions. [55].

Hybrid carbon-interface composites offer a promising strategy to
reduce dependence on pure metal oxides. [33] Selective amine and
alcohol oxidations represents an opportunity to streamline chemical
processes, [56] generating added-value intermediates for pharmaceuti-
cals, polymers, vitamins, fragrances, and various industries. [57].

To advance the rational design of visible light absorbers for
controlled ratio photocatalysis and photoelectrocatalysis [33], this
study investigated TiO2 sensitization by adding melamine blended with
commercial TiO2 anatase nanoparticles (NPs) at a defined initial ratio.
This blend facilitates the formation of a heterojunction during thermal
polycondensation, guided by an existent mathematical model account-
ing for CN growth and stoichiometry. The resulting CN-TiO2 (10–90 wt
%) hybrid, along with bare and calcined TiO2 and CN references, were
studied and compared using benzylamine photooxidation, utilizing
single-wavelength deep visible (red and green light) activation – a first
in literature, to our knowledge, along with elucidation of the energy
transfer mechanism. Additionally, photocatalytic HER, PEC triethanol-
amine (TEOA) and methanol (MeOH) oxidation tests were also con-
ducted under visible light to provide further evidence of TiO2
sensitization.

2. Results and discussion

2.1. Single solid-state CN growth on TiO2 NPs

Fig. 2a depicts the single solid-state step used for synthesizing the
hybrid CN-TiO2 material. The solid-state thermal polycondensation
method uses commercial TiO2 anatase and melamine in defined ratios as
starting materials, following an established mathematical method
described elsewhere. [23] The polycondensation reaction was con-
ducted under an inert atmosphere to prevent oxidation to the oxide
phase.

To understand the structure-performance relationship, it is essential
to fully characterize the CN structure. The thermal stability of CN is
typically linked to its semi-crystalline nature, which is associated with
factors such as the length of its polymeric chains, the ratio of its two
fundamental units (s-triazine and tri-s-triazine, also known as hepta-
zine), and its bulk thickness. [58] To that end, TGA profiles (Fig. 2b)
help to understand the kinetics of the decomposition events of CN ma-
terials and to acquire the percentage of CNx and TiO2.

In the CN-TiO2 composite, the mass loss originates from the organic
rather than the inorganic phase. The TiO2 references did not decompose
in the thermal study range (50–900 ◦C) evidencing their high thermal
stability. The CN reference (Fig. 2b inset) derivative shows a mono
exponential decomposition, starting at 560 ◦C, and ending with a drastic
decay at 760 ◦C. The CN-TiO2 (Fig. 2c) exhibited a 2.5 % weight loss
below 300 ◦C, attributed to adsorbed H2O species. This loss was not
factored into the 10 % organic phase. The decomposition profile reveals
two distinct events: a quasi-linear broad peak spanning from 325 to 535
◦C (ΔT=210 ◦C), followed by a more rapid exponential decay peak from
535 to 650 ◦C (ΔT=115 ◦C). The second peak in CN-TiO2 decomposition
reached its maximum at 565 ◦C. The first decomposition rate was slower
than the second, suggesting the presence of two distinct polymeric
chains entangled to the TiO2 NPs.

Moreover, the CN-TiO2 composite and CN reference display different
TGA decomposition profiles, leading us to conclude that the type of CN
from the composite and the bulk reference are of a different nature. An
experimental proof is the maximal decomposition temperatures
observed at 565 ◦C for CN-TiO2 and 730 ◦C for CN, showcasing differing
thermal stabilities in line with literature on CN materials. [59–61].

Fig. 1. Heterointerface from coupling CN and TiO2 with their respective band gaps, CB, and VB edges, and charge carrier transfer possibilities, as postulated for
heterojunction type II staggered.
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The two observed decomposition events in the CN-TiO2 composite
profile allow us to hypothesize that two different sizes of CN layers are
formed. We hypothesize that TiO2 facilitates the oxidation of the CN to
some extent, which would explain the two decomposition events
observed. In the proposed model, the CN sheets close to TiO2 surface are
smaller due to increased network disruption, while CN layers further
from the TiO2 NPs are allowed to grow larger with no interferences from
the titania, as illustrated in Fig. 2a. The second hypothesis involves that
intimately adhered CN sheets are likely tilted and contribute to a modest
entanglement (second decomposition contribution) over the TiO2 NPs –
with covalent bonding between both phases, whereas the CN sheets at
further distances are less contorted but instead flat and therefore more
exposed, and thermally less stable (first slower decomposition contri-
bution). The CN coverage over the TiO2 NPs is neither complete nor
homogeneous.

The elemental analysis results (Fig. 2d) reinforce the effective for-
mation of CN in the composite, since the C/N ratio is equal to the CN
reference, ca. 0.57. The carbon and nitrogen atomic percentages
demonstrate that the CN-TiO2 composite consists of 10 % CN, consistent
with the deduction from the TGA derivative.

Fourier transform infrared (FT-IR) attenuated total reflectance
spectra (Fig. S1) show the characteristic peaks of CN in both the CN-TiO2
composite and CN reference. The peaks between 1620 and 1230 cm− 1

were ascribed to the heptazine fingerprint, with a detailed attribution of
those peaks discussed by Jiménez et al. [60] CN-TiO2 shows heptazine
signals, though attenuated compared to the CN reference, indicating the
presence of ≤ 10 % CN at the TiO2 interface. TiO2 samples, on the other
hand, do not exhibit these signals.

2.2. Optoelectronic characterization

To investigate the key optoelectronic properties of the CN-TiO2
composite, we analyzed its optical and electronic features via UV–vis,
photoluminescence (PL), and Mott-Schottky electrochemical
measurements.

The prepared powder materials exhibited differing colors (Fig. 3a);

CN-TiO2 composite appears as a light orange, graphitic CN reference as a
reddish-orange, and the bare and calcined TiO2 references as white.

The Kubelka-Munk function [62] displayed the UV–vis diffuse
reflectance spectra (Fig. 3b), revealing the anticipated onset of absorp-
tion for TiO2 and CN reference materials at 375 nm and 460 nm,
respectively. Interestingly, the CN-TiO2 composite displayed a pro-
nounced red shift compared to TiO2-based materials. The CN contribu-
tion in the CN-TiO2 composite differs from the CN reference in two ways:
a) the absence of the typical maximum peak band found in CN at 410
nm, and b) a red-shifted tail in its absorption, with a gradual decay
starting at the characteristic TiO2 indirect band edge, ca. 388 nm. [63].

Band gap values were determined using the Tauc relation (Fig. 3c,
Table 1) [64]: 2.9 eV for CN-TiO2 composite, 2.7 eV for CN, 3.3 eV for
both TiO2 550 and bare TiO2. After analysis of the CN-TiO2 composite, a
noticeable tail extending from 388 to 650 nm into the visible spectrum is
seen, attributed to the undeniable presence of CN. This tail displays
multiple slopes due to the aggregation of smaller band gaps, reflecting
the heterogeneous nature of the material. [33,65,66] The 2.9 eV band
gap implies TiO2 sensitization upon CN incorporation and interface
formation, consistent with the literature. [16,23,60,67,68,9].

Fig. S2 shows the drop cast film absorbances on FTO calculated from
transmittance acquired with an integration sphere (equivalent to the
electrodes used in PEC). The additional UV–vis measurements were
conducted to compare the absorption of thin film samples, consistent
with powder analysis Fig. 3c.

The steady state PL analysis of the powder thin films, cast on FTO
substrates (equivalent to the electrodes used in PEC), were conducted
across various excitation wavelengths, i.e., 320, 380 (Fig. S3a-b), 400
(Fig. 3d), and 465 nm (Fig. S3c). This allowed us to understand the
electronic transitions and dynamics of charge carriers. Though the
samples were deposited on FTO, we exclude the term F̋TŐ in the text for
simplicity.

The clear PL peaks observed in the CN across the studied wave-
lengths are attributed to the excitonic PL signal, from π*→n and σ* → n
electronic transitions driven by the lone pair of electrons in nitrogen.
[69,70] This PL onset is associated with band-to-band PL signals. [71]

Fig. 2. a) Synthetic scheme to obtain the CN-TiO2 composite following thermal polycondensation. b) TGA profiles for all as-prepared samples. inset) Derivative of
weight loss of the CN reference. c) TGA profile and derivative of the CN-TiO2 composite. d) Elemental analysis of the two organic based-samples, CN reference and
CN-TiO2 composite.
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Conversely, TiO2 is known as an indirect band gap semiconductor with
high photoactivity, resulting in a low PL quantum yield on its own. [63]
Therefore, the PL signal detected in the CN-TiO2 composite can be solely
attributed to the contribution of the CN transitions. This additional
indication confirms the successful formation of an intimate
heterointerface.

Interestingly, in the excitation wavelength range of 320 to 465 nm,
the emission onset of the CN reference and the CN-TiO2 composite
shifted from 475 and 440 nm to 510 and 545 nm, respectively. These
emission shifts can be attributed to variations in the absorption due to
the coexistence of CN sheets of different sizes and to microstructural
differences [70], in agreement with TGA (Fig. 2c) and as reported
elsewhere. [71] Moreover, the effect of TiO2 NP scaffold cannot be ruled
out. In the CN-TiO2 composite, we propose a hypothesis suggesting a

Fig. 3. a) picture of the material powders color of the hybrid cn-tio2 composite and the two references: CN and calcined TiO2. b) UV–vis spectra and c) Tauc plot of
CN-TiO2 composite, TiO2 550, TiO2, and CN samples. d) Steady-state PL spectra of the powder thin film at 400 nm excitation. e) Mott-Schottky plot. Comparison of
the TA decays of the CN-TiO2 composite and CN reference excited at 400 nm at monitoring wavelengths of f) 500 nm, g) 600 nm, h) 700 nm, and i) 1000 nm
(excitation density 0.1mJ/cm2).

Table 1
Band gap, surface area, pore size, and anatase crystallite size of the as-prepared
materials.

Sample BGŦ /
eV

Surface area /
m2/g

Average pore size
/ nm

Anatase (101) /
nm

TiO2 3.3 ±

0.1
85 ± 8 5.3 ± 0.5 21.9 ± 0.1

TiO2

550
3.3 ±

0.1
65 ± 6 6.5 ± 0.6 24.4 ± 0.2

CN-TiO2 2.9 ±

0.1
49 ± 5 3.8 ± 0.4 / 5.3 ±

0.5
22.1 ± 0.1

CN 2.7 ±

0.1
33 ± 3 3.8 ± 0.4 n.d.
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scenario in which the smaller CN sheets primarily undergo σ*→ n
transitions as a radiative pathway. [70] This theoretically translates in a
broader band gap and, consequently, a more pronounced blue shift,
contrarily with the CN reference. It is presumed the CN reference con-
tains larger (and possibly more conjugated) CN sheets mainly under-
going π*→n transitions, leading to absorbance at longer wavelengths.
The larger CN sheets in the reference exhibit more nonplanar sites,
breaking symmetry and allowing for these transitions. [72] However, at
465 nm excitation, there was a noticeable red shift in the CN-TiO2
composite’s emission onset compared to its CN reference.

Qualitative analysis of the emission intensity reveals a quenching
effect of 10–100 times higher for CN-TiO2 compared to CN. During PL
quenching, when trap states are present, the emission is quenched
because trapping competes with the radiative decay process. [73] This
quenching effect, has been previously identified in analogous systems.
[42,71,74] It arises from a charge transfer mechanism from CN to TiO2
in the composite, reducing the number of electrons available for radia-
tive relaxation in CN. This quenching may also indicate an effective
generation of separated charge carriers through photo-excitation,
[41,75] implying a reduction in the density of trap states at the inter-
facial heterointerface of the two SCs. Another heterointerface hypothesis
to consider is the influence by occupying trap states, as depicted by the
band bending shown in Fig. 1. The significance of this quenching arises
from the inhomogeneity of the films, which results in slight differences
in absorbances between CN-TiO2 and CN casted on FTO, as depicted in
Fig. S2a.

The Mott-Schottky plot (Fig. 3e) exhibits positive slopes for all the
TiO2-based samples, indicating their n-type nature. [41,51,73] Merely
qualitatively, the less steep slope of the CN-TiO2 composite suggests a
slightly higher carrier density compared to its TiO2 references. While the
carrier density was particularly high for these materials, the values
resemble those of FTO. The determined flat band potentials were
translated as CB values for the photoelectrodes. The CN-TiO2 composite
and TiO2 references displayed 0.2 V and 0.3 V vs NHE, respectively. This
indicates that CN inclusion has a slight influence on TiO2′s electronic
band structures, consistent with prior research. [23].

2.3. Charge carrier dynamics by transient absorption spectroscopy

Femtosecond transient absorption spectroscopy (fs-TAS) is a highly
sensitive method for examining the dynamics of charge carriers, [76]
encompassing carrier formation and recombination mechanisms. It is
used here to gather insight into the charge transfer mechanisms of the
heterojunctions through changes in transient absorption (TA) responses
of the as-prepared samples. fs-TAS was measured on thin films drop
casted onto FTO substrate, which is equivalent to the electrodes used in
PEC. Different excitation wavelengths were used, further details on the
strategy of the analysis are found in Section S2. Despite the samples
being deposited on FTO, we exclude the term “FTO” in the discussion for
simplicity.

The fs-TAS studies were complemented by emission decay mea-
surements using the time-correlated single photon counting (TCSPC,
Section S3). However, despite 10–100 times PL quenching seen in the
CN-TiO2 composite relative to the CN reference by steady PL results
(Fig. 3d), there was no marked difference in the TCSPC emission decay
profiles between the CN and CN-TiO2. It is believed that the quenching
happened faster than the TCSPC’s time resolution of 60 ps. Therefore, fs-
TAS study main focus was on the charge transfer dynamics within the ps
to sub-ps time domain.

A comparison between the CN-TiO2 composite and CN reference TA
decay profiles at 400 nm excitation, monitored at different wavelengths
is shown in Fig. 3f–i. 400 nm excitation was used because only CN is
expected to be excited at this wavelength, as explained in Section S2.1.
(Note: at ≤ 380 nm excitation, in the composite, TiO2 photoexcitation
with electrons in the TiO2 CB may hinder effective charge transfer).

The most notable difference between the responses in Fig. 3f–i is a

rapid component present at all wavelengths for the CN-TiO2 composite.
The global data fit reveals a time constant close to the instrument
response time, around 100 fs. Therefore, one can conclude that this
component is faster than 100 fs. This matches the timescale of charge
transfer in a homogenized CN-TiO2 system. [42] Hypothetically, this fast
charge transfer could indicate the injection of photo-generated electrons
from CN’s CB into TiO2′s CB. This increases the electrons-holes separa-
tion distance, stabilizes the electrons in TiO2′s CB due to a 0.1 eV dif-
ference in energy levels compared to CN CB (Fig. 1), and thus reduces
electron-hole recombination time.

In a simplified scenario, the CN-TiO2 composite includes two types of
CN polymeric sheets: those directly contacting the TiO2 particles and
those well separated from them. The CN sheets in direct contact with
TiO2 would inject an electron into TiO2 upon photoexcitation in a
timescale of 100 fs or less, as per fs-TAS. These “quenched” CN sheets
don’t contribute to steady-state PL emission and have shorter excited
state lifetime than the TCSPC time resolution. On the other hand, the CN
sheets well separated from TiO2 particles are not quenched and are
detected using steady-state and time-resolved TCSPC PL measurements.

Considering the charge separation at earlier timescales for CN-TiO2
composite with 400 nm excitation, one would anticipate a longer CN-
TiO2 lifetime compared to the CN reference. However, both sample re-
sponses had lifetimes longer than the longest delay of the used fs-TAS
instrument (5 ns). An attempt to differentiate between different inter-
mediate states by comparing TR spectra and decay-associated spectra
obtained after global data fits was done. For further details on the TA
spectra of the CN-TiO2 composite and CN reference at the four excitation
wavelengths, refer to Sections S2.2 and S2.3. Film responses are influ-
enced by factors such as photoinduced changes in the refractive index,
probe light interference, and film thickness. [77] These factors
contribute to variations in spectral shapes among samples, and difficulty
in precise conclusions.

Additional TAS spectra and TCSPC decay data (Fig. S4–S10) were
analyzed at various excitation and monitoring wavelengths, along with
various delay times, to cover a wider spectrum and identify components
and intermediates in the materials. Further, a comparison of TA decays,
including the fitted components, is provided in Tables S1-2. Further
discussion of the results can be found in the supporting information.

2.4. Morphological, textural, and structural characterization

The general morphology of the samples was analyzed by scanning
electron microscopy (SEM) (Fig. S11a, b). The images provide evidence
of TiO2 NPs sintering closely together. This sintering reinforces our
hypothesis that the CN bulky material acts as a “glue” to bind the TiO2
NPs.

The Annular dark-field (ADF) image (Fig. S11c) displays the same
round TiO2 morphology, with superposition among some of TiO2 NPs,
possibly due to sintering. This behavior may be in good agreement with
the hypothesis of CN serving as glue, keeping the TiO2 NPs together in a
certain order, as already partially seen in the SEM images. TEM image
(Fig. S11d) shows the typical TiO2 roundish NPs of a few tens of nm in
size, in agreement with TiO2 550 reference (Fig. S12). The image in
Fig. S11d emphasizes how the TiO2 morphology prevailed in the CN-
TiO2 composite. The HR image clearly shows the typical d space of
anatase (110) plane, ca. 0.324 nm, in agreement with the literature. In
addition, the EDX (Fig. 4a and b) spectrum confirms the presence of Ti,
O, C, and N elements, peaks from gold (Au) are present as Au grids with
lacey carbon layers on top were used as TEM supports. Furthermore,
EELS (Fig. 4c) show Ti L-, O K-, C K-, and N K-lines at their respective
energies. EELS results confirm the presence of CN in the composite, in
agreement with TGA, EA, UV–vis, PL, TAS, and EDX.

The X-Ray diffraction (XRD) patterns (Fig. S13) of the TiO2 refer-
ences and CN-TiO2 composite exhibit the typical diffraction peaks of
anatase (101) diffraction plane at 2θ = 25.1◦, with no significant shifts.
Hence, for CN reference the graphitic or interlayer stacking of the
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Fig. 4. a) edx element mapping distribution. b) edx associated spectra, (inset stem image). c) eels spectra. xps spectra: d) survey of the cn-tio2 and TiO2 550, e) N 1 s
of the CN-TiO2 and CN, f) C 1 s of the CN-TiO2 and CN, g) the different amount of carbon functionalities (components of the deconvolution of C 1 s XPS signal). h)
XANES spectra at the Ti K-edge, (inset zoom of the pre-edge emphasizing A1-A3 and B peaks), and its i) EXAFS associated spectra.
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π-conjugated aromatic system (002) plane was seen at 2θ = 27.3◦, and
the diffraction plane for tri-s-triazine phase at 2θ = 13.1◦, as previously
reported. [60] The lack of the 002 peak in CN-TiO2 may stem from the
nanocrystalline or amorphous nature of CNs. [78] In XRD fundamentals,
very small crystallite sizes lead to significant peak broadening, compli-
cating detection. [79] Looking at the anatase crystallite size of the TiO2-
based samples, determined by the Debye-Scherrer relationship, there
was no significant difference (ca. 22 nm) between the composite and the
bare TiO2. However, TiO2 calcined sample at 550 ◦C had an anatase
crystallite size higher 24.4 ± 0.2 nm, suggesting that calcination tem-
perature has an immediate effect on crystallinity [80], in agreement
with reported studies. [81].

N2 isotherms (Fig. S14a) of all samples exhibit type-IV isotherm and
type-H4 hysteresis loop, ascribed for mesopores and slit-like pores. [82]
The Brunauer-Emmett-Teller (BET) theory was used to calculate the
specific surface area (SBET) of the materials. All samples have relatively
low surface area (<90 m2 g− 1). The calcined TiO2 at 550 ◦C decreases its
surface area compared to bare TiO2, suggesting that calcination disrupts
the original surface of TiO2 via OH dehydration, in agreement with the
literature. [83] The lowest surface area was found for the CN reference
(33 m2 g− 1) in consistency with other polymeric CN and poly (heptazine
imides) reported materials. [41,59,60] Interestingly, the hybrid CN-TiO2
composite displayed an intermediate surface value of 49 m2 g− 1, sug-
gesting the structural preservation of both materials when compared to
the two references. Quenched solid density functional theory (QSDFT)
was used to obtain the pore size distribution (Fig. S14b). The region with
clear pores is below 10 nm. Thus, TiO2 and CN references presented
monomodal mesoporous profiles. [84] The only exception was found for
the CN-TiO2 composite with a bimodal profile. In terms of pore size,
calcination of the TiO2 sample resulted in a slight increase from 5.3 to
6.5 nm compared to the bare material. An unusual twin-pore was
observed in the CN-TiO2 composite with 3.8 and 5.3 nm pore sizes. This
highlights the synergistic coexistence of pores from both TiO2 and CN
components in the hybrid composite. However, the volume capacity of
its larger pore is slightly lower compared to that of the TiO2 references.

2.5. X-ray photoelectron and absorption spectroscopies characterization

X-ray photoelectron spectroscopy (XPS) was conducted to analyze
the chemical composition at the surface and use the inelastic energy to
identify contributions. This aimed to reveal chemical bond details and
probe local chemistry, with an emphasis on exploring the heterointer-
face contact of the CN-TiO2 composite.

Comparison of the survey XPS spectra of the TiO2 550 and CN-TiO2
samples (Fig. 4d) may be used to identify the atomic contributions and
to reveal unique topological insights into the composite structure.
Normalization of the survey intensity at the titanium 2p pre-edge range
(420 eV) allows us to discount inelastic scattered electrons from the C 1 s
and N 1 s peaks from the carbon nitride and directly compare the post-
peak range of the Ti 2p signal. In CN-TiO2 composite, we see a clear and
significant increase in the background intensity in the post-peak region
(Fig. 4d inset) – indicative of an increased inelastic scatter of buried
electrons. [85] Qualitative comparisons with the interface categories
within the QUASES-TOUGAARD program suggest that the Ti 2p signal
originates from a “d” type configuration – in which the 2p photoelec-
trons are located underneath an overlayer. In brief, overlayer refers to
the CN layer that covers a single TiO2 NP on the surface. No signs of
buried inelastic scatter may be seen for the C and N peaks in this sample,
which allows us to ascribe the spatial locale of the components of the
composite as TiO2 particles with a CN surface overlayer – rather than CN
and TiO2 existing as independent components. Thus, such finding lends
evidence towards the hypothesis that these two semiconductors form a
genuine interface during synthesis, in agreement with TGA, UV–vis, PL,
FT-IR, EELS, and EDX.

The dominant constituents in TiO2 550 and CN-TiO2 materials
spectra are Ti 2p (Fig. S15) and O 1 s; and if one remains consistent, it

suggests that the other component also remains unaltered. As antici-
pated, both samples based on TiO2 exhibited the characteristic Ti 2p
contributions at 464.2 and 458.5 eV, which correspond to Ti 2p1/2 and
Ti 2p3/2, respectively. [86] The quantified separation in binding energy,
~5.7 eV, between these states is consistent with the documented Ti4+

state in TiO2 anatase. [9,23].
Qualitative analysis of N 1 s and C 1 s was conducted for CN-TiO2 and

CN materials. The N 1 s signal for both samples (Fig. 4e) exhibits three
equivalent deconvoluted peak contributions, a major at 401.2 eV, an
intermediate at 400.1 eV, and a minor at 398.7 eV, attributed to the sp2-
hybridized pyridine nitrogen of C––N-C of the heterocyclic ring, to the
tertiary nitrogen link to three carbon N-(C)3, and to the terminal amino
groups (C–N–Hx), respectively. [60,87] The characteristic sites of CN-
TiO2 composite, including − NHx and N-(C)3 defects, appear in ratios
comparable to the bare CN reference material, indicating that the nature
and amount of defect sites have not changed significantly due to the
selected preparation method.

The C 1 s signal in the CN-TiO2 and CN materials (Fig. 4f) exhibit the
equivalent three deconvoluted peak contributions but again in different
proportions, a major at 288.3 eV, an intermediate at 286.2 eV, and a
minor at 284.8 eV, ascribed to the sp2-bonded C of N––C-(N)2 from the
heterocyclic ring, the C–N or C–O (evidencing the coexistence of the
organic and inorganic phases with N–C–O-Ti-O interactions), and
adventitious carbon or C–H groups, respectively. [60,87] The quanti-
tative analysis of C 1 s on the study samples (Fig. 4g) reveals significant
modifications in the CN-TiO2 composite compared to the CN counter-
part. Two notable increases are observed: a 64 % rise in the hetero-
interface C–O interaction and a four-fold increase in C sp2 content.
Although the CN-TiO2 composite only contains a low CN content (10 %),
the size of the CN layer at the interface with each individual TiO2
nanoparticle appears to decrease, potentially in a gradual manner. At
first, the single TiO2 nanoparticle is partially covered by a relatively
small CN layer.

The analysis of the XANES Ti K-edge (Fig. 4h) aimed at compre-
hending local structural alterations, such as the presence of oxygen
vacancies, their influence, particularly in the CN-TiO2 interface. In spite
of the availability of data points, detailed analysis was restricted.
Detecting variations in Ti atom speciation and any shifts in the local
environment theoretically have been accomplished through pre-edge
region examination (below 4980 eV) in the TiO2-based samples.
Nevertheless, the interpretation of XANES spectra inherently involves
complexities. The attribution and discussion of the pre-edge peaks (A1-
A3 and B) are described in supporting information. The XANES Ti K-
edge analysis indicated that no significant structural modifications
occurred in the CN-TiO2 composite compared to TiO2, despite the CN
layer entangling TiO2. This reaffirms that the formation of the CN-TiO2
interface does not alter the local structure or compositional environment
of TiO2, consistent with findings from XPS, EDX, EELS, EA, and BET
data.

The XAS data points are limited, affecting EXAFS coordination shells
analysis. The signal intensity, the EXAFS spectra Fig. 4i suggest a Ti-O
distance increase, in consistency with the presence of oxygen va-
cancies in annealed samples as of TiO2-550. [88,89] Indeed, obtained
distances of Ti-O (1.6 Å) and Ti-Ti (3.3 Å) have been reported with
similar values for TiO2 anatase samples. [90] No notable energy shift
was detected in any signals, suggesting the absence of Ti-N bonds,
especially at ratios below 0.1 N/Ti. [89] This rules out nitrogen doping,
as previous studies have indicated that even small amounts of N-doping
would shift the first shell peak leftward by approximately 0.1 Ã…. [89]
Additionally, the CN-TiO2 system exhibited no significant alterations
compared to the bare TiO2 reference.

2.6. Photooxidation performance

The CN-TiO2 composite was tested in the photooxidation of ben-
zylamine (the substrate) to dibenzylimine (the product, Fig. 5a and S16)
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upon monochromatic red, green, and royal blue-light LED irradiation at
625, 535, and 465 nm (Emissions spectra, Fig. S17), respectively to
excite the series of materials. Fig. 5a shows the conversion yields of all
samples. The CN-TiO2 (10–90 %) composite demonstrated a remarkable
conversion rate of 51 % yield after 72 h of reaction time. Contrarily, the
blank experiment (no catalyst) with benzylamine under the same light
conditions yielded only 10 %, due to the saturated oxygen atmosphere,
acetonitrile, and incoming photon energy, generates oxygen-based in-
termediates in low proportions. Yet, these intermediates are still suffi-
cient to convert benzylamine to imine. [91] Both the CN and TiO2
references yield up to 14 %, which was comparable with the blank
experiment, indicating no improvement. This finding underscores the
TiO2 sensitization effect, wherein CN, in close interfacial contact with
TiO2 NPs, enhances light absorption. Notably, TiO2 exhibits poor photon
absorption at a 625 nm wavelength unless coupled with a smaller SC
band gap. Further data and discussion can be found in Fig. S16 at 465
nm and 535 nm, indicating that no significant differences were observed
among the samples.

The energy mechanism of benzylamine photooxidation was followed
by electron paramagnetic resonance (EPR, Fig. S18a-b). EPR tests
allowed us to detect the formation of singlet oxygen and/or oxygen
radical anions after an energy induced input. Photocatalytic benzyl-
amine oxidation can undergo two concomitant mechanisms, namely
electron and energy transfer processes. Both mechanisms involve

transfer from the catalyst to the oxygen, but the former leads to the
formation of an oxygen radical-anion, whilst the latter to a singlet ox-
ygen. [92] Both reactive species can subsequently oxidize the benzyl-
amine substrate. TEMP (1O2 radical) and DMPO (O2 radical) were used
to detect singlet and radical anion oxygen species, respectively, in dark
and local illumination. The benzylamine photooxidation reaction was
carried out under these conditions for 3 days, thus we opted for EPR
illuminated tests with a stronger monochromatic LED light (higher en-
ergy input), 415 nm, to obtain faster confirmation of the creation of
oxygen species.

Figure S18a-d displays the radical scavenger EPR tests on the CN-
TiO2 composite. The formation of TEMP – 1O2 radical is confirmed by
the presence of a triplet signal (Fig. S18a) illuminated via energy transfer
to oxygen resulting in singlet oxygen formation. Similarly, the typical
quadruplet signal of DMPO – O2

˙ –, confirmed the ⋅O2
− (oxygen radical

anion) formation (Fig. S18b), reiterating the electron transfer to oxygen.
As previously stated, the hypothesis that both types of oxygen species
are generated and exist simultaneously remains applicable under these
experimental conditions. Still, by comparison to prior reports,
[41,91,93–95] we posit that the energy transfer mechanism prevails at
625 nm, as indicated before that this lower energy input is insufficient to
induce electron transfer to O2, as sketched in Fig. 5b.

Additionally, a comparison (Table S3) and discussion are included in
the supporting information to contextualize this study among similar

Fig. 5. a) Photooxidation of benzylamine including the reaction conditions. b) Energy transfer mechanism scheme with the associated species in the photoconversion
of benzylamine to dibenzylimine. c) Linear sweep voltammetry scans of CN-TiO2 photoelectrode (area 0.25 cm− 2) oxidizing three different sacrificial agents, namely
KOH (pink trace), TEOA (green trace), and MeOH (blue trace). d) Linear sweep voltammetry scans of CN-TiO2 photoelectrode with TEOA as the most efficient
sacrificial agent with an applied cut-off filter applied at wavelengths lower than 410 nm, evidencing the photosensitization effect of CN within the hybrid CN-TiO2
composite. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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systems from the literature, positioning CN-TiO2 activity as superior at
deep visible light wavelengths.

2.7. Photoelectrochemical performance

To broaden the applicability of the CN-TiO2 composite and TiO2
reference photoelectrochemical performances were conducted in the
range of − 0.2 to 1.7 V vs reversible hydrogen electrode (RHE), both with
(10 % v/v of TEOA and MeOH) and without a hole scavenger at pH 13
(0.1 M KOH, Fig. 5c). MeOH acts as a typical electron donor for HER and
prevents O2 formation as a common hole scavenger. TEOA serves as a
strong hole scavenger, aiding in the extraction of holes on the CN to
prevent recombination. [96].

In the absence of any sacrificial electron donor, the chopped linear
sweep voltammetries present a non-geometric and fluctuating signal
until surpassing 0.6 V vs RHE, stabilizing at a constant current density of
19 ± 2 μA cm− 2. In presence of MeOH, on the other hand, the CN-TiO2
composite photocurrent stabilizes at a lower potential (0.2 V vs RHE),
yielding a slightly higher steady-state current density of 48 ± 2 μA cm− 2

than KOH. On the other hand, with 10 % v/v TEOA, the photoanode
exhibits a progressively increasing current density until reaching the
highest constant value of 62 ± 3 μA cm− 2 at 0.4 V vs RHE. The initial
variation in values across the three electrolytes can be ascribed to the
heterogeneity of the CN-TiO2 composite, resulting from the rough and
porous CN layers in close contact with the TiO2 NPs. When tested in KOH
and TEOA, the TiO2 reference achieved stability faster compared to the
CN-TiO2 composite (Fig. S19a). In both electrolytes, the constant current
density remained at 17 ± 2 and 96 ± 10 μA cm− 2 after 0 V vs RHE.
Comparing both samples, in the presence of TEOA as a hole scavenger
the TiO2 electrode outperforms the composite (Fig. 5f and S19b). KOH
and TEOA, both alkaline and tertiary aliphatic bases, exhibit distinct
chemical affinities. These differences influence their adsorption on the
catalyst surface and result in varying oxidation potentials [39,96]. Even
though CN functional groups can assist organic substrates interactions,
such as MeOH and TEOA, [68] the poor electrical conductivity and
limited accessibility of active sites limit the electron extraction process
from the composite to the back-contact. [97].

To assess the light absorption contribution of each SC (TiO2 and CN)
in the overall photoactivity of CN-TiO2, an additional photo-
electrochemical test was conducted under a solar light simulator
(Emission spectra, Fig. S20). This experiment used a 410 nm cut-off filter
with two aims: a) to demonstrate visible-light photoactivity, and b) to
shed light on potential electron transport paths, in the CN-TiO2 com-
posite by blocking photons of lower wavelengths. The TiO2 reference
voltammogram curve (Fig. S19b) displayed no photoactivity, as antici-
pated, given the theoretical TiO2 band gap of 3.2 eV. Bare TiO2 photo-
activation occurs only at 388 nm or shorter wavelengths. [23] Notably,
in the PEC assessment under light ≥ 410 nm of CN-TiO2 curve (Fig. 5d),
it retains 23 % of its photoactivity compared to the full lamp spectrum
test, where only CN can absorb visible photons. The observed positive
photocurrent and oxidation of TEOA (Fig. 5d) underscore the photo-
sensitization of TiO2. This suggests electron flow, or injection, from the
CN CB to the TiO2 CB, [67,81] as theorized in staggered type II heter-
ojunctions. This process is facilitated by the organic/inorganic hetero-
interface, as depicted earlier in Fig. 1.

2.8. Photocatalytic hydrogen evolution reaction

The photoactivity and efficiency of H2 production in the CN-TiO2
hybrid were examined as a tertiary complementary test. This aimed to
reinforce the proof-of-principle of the observed TiO2 photosensitization
effect, demonstrated by its superior activity in benzylamine photooxi-
dation under red light (625 nm). All systems (Pt/TiO2 550, Pt/CN, and
Pt/CN-TiO2) were tested under two wavelengths: 410 nm and 465 nm
(Fig. S21a, emission spectra Fig. S22). CN-TiO2 composite exhibited
superior activity with 319 and 148 μmol h− 1 g− 1 at 410 and 465 nm,

respectively. Quantum yield was determined to mirror the H2 produc-
tion trend for the samples at both studied wavelengths (Fig. S21b),
indicating a direct light photon absorption and activity to H2 evolution.
Insights into TiO2 sensitization and the energy diagram of such hetero-
geneous system can be found in Fig. S21c. Additionally, a comparison
Table S4 is included to contextualize this study among similar systems
from the literature, positioning Pt/CN-TiO2 activity as modest.

2.9. Impedance spectroscopy

Fig. S23a-c displays the values of series resistance (Rs), charge
transfer resistance (RCT), and capacitance of the as-prepared samples in
the dark. The value of Rs (Fig. S23a) remained approximately constant
within the potential range of − 0.2 to 1.6 V vs RHE for all samples. Both
CN-TiO2 and TiO2 550 samples exhibited closely matched values, indi-
cating that the substrate (FTO) conductivity was not affected by the high
temperature calcination. [25].

The RCT of the studied samples (Fig. S23b) remained constant
beyond + 0.5 V vs. RHE. It can be mentioned that the RCT dominates the
overall system resistance (Rtot = Rs + RCT), where Rtot = (dj/dV)^− 1,
reflecting the behavior deduced from the j-V curve. A small fraction of
the difference is attributable to a geometric effect, as the double layer
capacitance for CN-TiO2 (Fig. S23c) is higher by a factor of two than the
TiO2 references. The CN-TiO2 material enjoys a larger effective elec-
trochemical surface area than in the absence of carbon nitride. This ef-
fect could be due to an enhanced dispersibility with the Nafion binder
enabled by the CN surface: despite the interactions possible between the
Nafion’s sulfonate groups and the hydroxyls of the TiO2 surface, the
predominantly non-polar, aromatic nature of the polymer gives rise to a
better fit with the hydrophobic heptazine units of CN. This leads to
augmentation of the catalyst’s electrochemical interaction area with the
aqueous substrate.

2.10. Structure-activity relationships

The CN(10 %)-TiO2(90 %) hybrid composite unambiguously merges
the properties of its two constituent SCs, resulting in enhanced photo-
electroactivity under visible light. Indeed, it displayed a clear superior:
benzylamine photooxidation under red light (625 nm), H2 production
under blue light (465 nm), and PEC performance beyond 410 nm. The
underlying physico-chemical effects are summarized.

The photosensitization effect was validated through the obtained
narrow band gap in the orange CN-TiO2 composite, measuring 2.9 eV.
This outcome is attributed to the new heterointerface (shifting poten-
tials) and vacancies, enhancing the solar spectrum utilization, rapid
charge transfer, and prolonged carrier lifetimes.

By integrating steady-state PL, TCSPC, and fs-TAS findings with
photoelectrocatalytic measurements, it allows to postulate that the
electron transfer occurs from CN to TiO2 in the hybrid. At an excitation
wavelength of 400 nm, a very fast sub-ps charge transfer occurs from the
CN to the TiO2 due to the close interfacial proximity in the solid–solid
photoabsorbers contact, thanks to the favorable position of their band
edges. Thus, the singlet excited state of the CN in the composite is
quenched compared to the CN reference. Unlike CN, which experiences
high charge recombination rates, the CN-TiO2 (10–90 %) heterointer-
face enhances charge transfer and separation process which in turn in-
creases the catalytic efficiency. At longer wavelengths, beyond 465 nm,
proving any charge transfer conclusively is challenging due to weak
photoexcitation and limited instrument sensitivity. Conversely, at
shorter excitation wavelengths (≤380 nm), the simultaneous excitation
of both TiO2 and CN within the composite makes it difficult to clearly
identify charge transfer.

Structural and morphological analysis reinforces the optoelectrical
and carrier dynamics findings by confirming the formation of a heter-
ojunction. The inelastic buried electrons indicate a CN overlayer on
TiO2, whilst the presence of abundant C–O deconvoluted signal,
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compared to CN reference XPS signal, may indicate the interaction at the
CN and TiO2 heterointerface, coexistence of two pores (3.8 and 5.3 nm),
and detection of Ti, O, C, and N in EDX and EELS spectra. Furthermore,
heptazine fingerprints, a 565 ◦C decomposition temperature, and a C/N
ratio of 0.57 confirm the CN formation thus presence.

Hence, based on both photoelectrocatalysis and characterizations,
we observe that CN sensitized TiO2.

3. Conclusions

In this study, we successfully synthesized a CN(10 %)-TiO2(90 %)
composite using a single solid thermal step, leveraging the synergetic
interaction between TiO2 and CN, resulting in a unique TiO2 sensitiza-
tion effect. This new hybrid composite exhibited robust performance in
various photo and photoelectrocatalytic reactions, outperforming
reference materials and reported catalysts at operational comparable
conditions [23,98,99]. The composite exhibited a remarkable four-fold
enhancement in benzylamine photooxidation, achieving a 51 % yield
at 625 nm (red light), clearly demonstrating the effective TiO2 sensiti-
zation. In photocatalytic hydrogen production, Pt/CN-TiO2 surpassed
the Pt/TiO2 reference by 1.9-fold and 1.6-fold, yielding notable pro-
duction rates of 148 and 319 μmol h− 1 g− 1 at 465 and 410 nm (blue and
violet lights), respectively. Additionally, superior photo(electro)chem-
istry (PEC) performance was observed, with a 3.4-fold increase and a
current density of 62 ± 3 μA cm− 2 at 0.4 V vs reversible hydrogen
electrode (RHE) in triethanolamine (TEOA) solution. CN-TiO2 also dis-
played enhanced impedance performance, registering a two-fold in-
crease compared to TiO2 references, with a value of 10− 4F cm− 2.

These results underscore our hypothesis that the CN-TiO2 composite
can effectively utilize a broader spectrum of light due to its narrow band
gap and efficient charge transfer properties. Innovations in this work
include the single-step synthesis method and the demonstrated
enhancement in photoelectrocatalytic activity under visible light.
Compared to previous literature, our composite shows significant im-
provements in benzylamine photooxidation and photocatalytic
hydrogen production under monochromatic visible light, as well as
higher PEC performance and charge transfer efficiency. The CN(10
%)-TiO2(90 %) composite thus holds great potential as an efficient and
versatile photoelectrocatalytic material for solar energy conversion and
other critical catalytic applications within a circular economy context,
emphasizing the potential for sustainable and green technologies.
Although further research is needed to address the technical and eco-
nomic feasibility of applying CN-TiO2 on an industrial scale, this work
paves the way for future studies to explore potential dopants to improve
its efficiency and to scale up the synthesis process for industrial
applications.

4. Materials and methods section

4.1. Chemicals

Titanium (IV) oxide, anatase nanopowder, <25 nm particle size,
(TiO2 99.7 % trace metal basis, Sigma Aldrich), melamine (C3H6N6), 99
%, Sigma Aldrich), potassium hydroxide (KOH, 99.98 % (metals basis),
Alfa Aesar), hexachloroplatinic acid (H2PtCl6, 8 wt% in H2O, Sigma
Aldrich), Nafion (15–20 % water, 1100 W, Sigma Aldrich), acetonitrile
(CH3CN, Supelco, hypergrade for LC-MS), ethanol (≥99 %, Sigma
Aldrich), methanol (MeOH,≥99 %, Sigma Aldrich), benzylamine (99 %,
Sigma Aldrich), triethanolamine (TEOA, ≥99 %, Sigma Aldrich) were
used without further purification.

4.2. Synthesis of TiO2, CN and TiO2/CN materials

Two references of TiO2 anatase were used, one bare without any
treatment and a calcined with an applied thermal treatment of 2.3 ◦C
min− 1 until reaching and staying at 550 ◦C for 3 h, N2 1 bar continuous

flux. Reference graphitic carbon nitride (CN) was synthesized using
melamine under the exact same thermal treatment as that of TiO2
calcined reference to perform the thermal polycondensation. TiO2/CN
binary composite used melamine as CN precursor and TiO2 anatase
nanoparticles in predetermined mass proportion and followed the same
polycondensation protocol as previous CN and TiO2 references.

4.3. Preparation of electrodes

The working electrode’s preparation consists of several steps. First,
F-doped tin oxide (FTO) glass is pretreated, through cleaning by soni-
cation in ethanol for 30 min and oven drying at 80 ◦C. The defined area
of 0.25 cm2 of the FTO glass was protected using Scotch tape. Secondly,
3 mg of each material was weighed in a vial and 20 µL of Nafion (binder)
and 0.2 mL of ethanol were added. This slurry was stirred overnight,
then sonicated for 15 min and 25 µL of the suspension was deposited by
drop casting onto the pretreated FTO coated glass electrode (area 0.25
cm2). Finally, the electrode was air dried at room temperature for half a
day, and the Scotch tape was removed and further dried at 120 ◦C for 2 h
under a continuous flow of Argon to improve adhesion.

4.4. Preparation of thin films

Thin films were prepared for conducting PL and TAS measurements.
Transparent thin films’ preparation used the four as-prepared samples
by mixing 10 mg of each powder in 10 µL of Nafion and 200 µL of
ethanol. The slurry was stirred overnight and then sonicated for 30 min
before spreading. After sonication, 5 µL of the suspension of TiO2 ref-
erences and TiO2/CN were drop cast onto the FTO in an area of 0.25
cm2. The same step applies for CN reference, with the slight difference of
using 10 µL of its slurry. After ambient drying, these mesoporous films
were annealed at 125 ◦C for 90 min under argon flux.

4.5. Materials characterization

Thermogravimetric analyses (TGA) were performed using a
NETZSCH TG 209 F1 device. Each sample was placed into a platinum
crucible and heated from room temperature (ca. 25 ◦C) up to 900 ◦Cwith
a heating rate of 10 ◦C min− 1 under a nitrogen flow of 20 mL min− 1. The
standard deviation of the decomposition temperature of the analyzed
samples is ± 10 ◦C.

Elemental analysis (EA) by combustion was accomplished using a
Vario Micro device.

FT-IR ATR spectra were recorded with a Thermo Fisher Nicolet iS5
spectrometer equipped with an attenuated total reflection unit of dia-
mond. Measurements were acquired in the 625–2250 cm− 1 range with
32 scans and 8 cm− 1 of resolution.

The diffuse reflectance spectra were obtained using a Shimadzu UV-
2600 spectrometer and the apparatus was operated in the approximately
range of 200 to 800 nm. The absorbance spectra in the supplementary
information were acquired using a PerkinElmer Lambda 950 employing
an integrating sphere and a central mount holder. The samples were
illuminated by a tungsten halogen lamp in the wavelength range of 200
to 800 nm, controlled with a double grating monochromator and the
radiation was detected with a R6872 photomultiplier. The approach to
determining the band gap follows the Tauc theory. [64] A Shimadzu UV-
3600 spectrometer with an integration sphere attachment was used for
transmittance measurements of the samples on FTO.

Steady-state thin film emission spectra were recorded using an
Edinburgh Instruments FLS1000 PL spectrometer with excitation and
emission double monochromators. This had a PMT – 900 photo-
multiplier tube detector and a 450 W xenon arc lamp excitation source
for acquisition of the steady state spectra. The samples were measured
with a front facing illumination scheme. For the acquisition of the
emission spectra, all the samples i.e., FTO, TiO2 550/FTO, CN/FTO and
CN-TiO2/FTO were excited at 320 nm, 380 nm, 400 nm, and 465 nm
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with slit widths of 1 nm. The 320 and 380 nm wavelengths served to
elucidate the charge carrier dynamics in the UV region, while 400 and
465 nm were used to examine carrier dynamics and compare with
photoelectrocatalytic visible-light activity.

The Mott-Schottky results were derived from the data analysis of
electrochemical impedance spectroscopy, and more details can be found
in the respective section below.

The femtosecond transient absorption spectroscopy (fs-TAS) mea-
surements of the samples were acquired using pump–probe spectros-
copy. For the pump–probe spectroscopy, the laser pulses at 800 nmwere
delivered from the Libra F, Coherent Inc., which was coupled with an
optical parametric amplifier (OPA) Topas C, Light Conversion Ltd. These
laser pulses were utilized to produce the pump (excitation) beam to
excite the sample and the probe beam to monitor the spectra. The
spectra acquisition at all pump wavelengths were made at the same
excitation power (excitation density) of 0.5 ± 0.05 mW (≈0.1 mJ/cm2).

The transient absorption spectra of TiO2 550/FTO was measured
with excitation wavelengths at 320 nm and 380 nm. In addition, CN/
FTO and CN-TiO2/FTO were measured at excitation wavelengths of 320
nm, 380 nm, 400 nm, and 465 nm. The first two wavelengths were used
as reference wavelengths to compare the dynamics of all samples and
the last two were used to compare the photocatalysis of CN-TiO2/FTO
compared to CN. TiO2 550/FTO was not included in the measurements
at≥ 400 nm excitation because there was no absorption of these samples
in the visible range.

For the probe beam, a sapphire crystal was used to produce a con-
tinuum of white light in the near-infrared (NIR) and water in the visible
range. The central detection wavelength in the NIR and visible ranges
were 960 nm, and 600 nm respectively. The probe beam was passed
through a delay line with maximum delay time of 5 ns. The transient
absorption responses of the probe beamwere measured using an ExciPro
TA spectrometer (CDP, Inc.). The spectrometer was coupled with an
InGaAs diode array to detect NIR wavelengths and a Si charge coupled
device (CCD) array to detect visible range wavelengths.

The detailed fitting methodology for the TA data and for the deri-
vation of the DAS spectra is presented in the supporting information
under Section S2.

The time-resolved PL decays were measured using a time-correlated
single-photon counting (TCSPC) system (PicoQuant, GmBH). This sys-
tem was equipped with a Picoharp 300 controller and a PDL 800-B
driver with the LDH–P–C–405 laser head for excitation at 405 nm
(time resolution of 60 ps). The Hamamatsu R2809U microchannel plate
photomultiplier was used for signal detection. The fluorescence decays
were monitored at 453 nm and 491 nm which corresponds to the
emission peak of the singlet excited states in the CN-TiO2 composite and
the CN reference. Information on the fitting of the TCSPC decays is
available in the supporting information Section S3.

For scanning transmission electron microscopy (STEM) observations,
a suspension of the sample in ethanol was sonicated for 10 min and then
drop-casted to an Au grid with a lacey carbon support and dried for 10
min. The STEM study was performed using a double Cs corrected JEOL
JEM-ARM200F (S)TEM operated at 80 kV and equipped with a cold-field
emission gun. Annular dark-field scanning transmission electron mi-
croscopy (ADF − STEM) images were collected at a probe convergence
semi-angle of 25 mrad. The solid-state secondary electron detector has
been used to record SE-STEM images inside the TEM. EELS spectra were
recorded in dual EELs mode at energy dispersions 0.1 eV/ch and 0.25
eV/ch, allowing correction for the zero-loss peak position. The Power
law model was used for the background subtraction. Multiple scattering
effects have been removed using the Fourier ratio method, implemented
in the Gatan Digital micrograph suit.

Wide Angle X-ray Scattering (WAXS) measurements were conducted
on the µSpot beamline of BESSY-II (Helmholtz-Zentrum Berlin, HZB,
Germany) [100]. Experiments were performed using a monochromatic
X-ray beam at 18.0 keV and a beam size of approximately 30 μm width
obtained by a sequence of pinholes. The scattered intensities were

collected with a Dectris Eiger 9 M detector. Transmission through the
sample was calculated from an X-ray fluorescence signal collected from
a lead beam stop using RAYSPEC Sirius SD-E65133-BE-INC detector
equipped with an 8 µm beryllium window. The primary beam intensity
was monitored by using an ion chamber, and recorded values were used
to normalize the scattering signal. The sample-to-detector distance of ~
300 mm allowed for a usable q-range of ~ 0.06 < q < 43 nm− 1. The
scattering q-range was calibrated against silver behenate, and the cor-
responding measured intensities were normalized against glassy carbon
(NIST SRM3600). The resulting data were processed with an in-house
developed Python software based on the pyFAI library. [101] Data
reduction steps involved integration to 1D scattering curves and sub-
traction of an instrumental background (i.e., an empty cell or Kapton
background). The scattering data were corrected for transmission and
primary beam intensity and scaled to absolute intensity units. Crystallite
sizes were calculated by Debye-Scherrer equation. [41] The TiO2
anatase peaks were modelled using Origin 2021 through pseudo-Voigt
fitting function. Such function allows to obtain full width half
maximum (FWHM) after careful fitting and the FWHM value is used to
insert in the crystallite Debye-Scherrer equation (3), where kα1 cupper is
1.5402 Å, k1 is the shape factor: 0.94, θ is the XRD pattern position.

τ =
kα1*k1

FWHM*cosθ
(3)

Nitrogen adsorption/desorption isotherms were performed in a Quan-
tachrome Quadrasorb SI-MP porosimeter at 77.4 K. The samples were
degassed prior to the measurements at 150 ◦C under vacuum (0.5 Torr)
for 20 h in a 3P Instruments Masterprep degassing machine. The Bru-
nauer–Emmett–Teller (BET) model was applied to the adsorption
isotherm to calculate the specific surface area from the data (0.05 < P/
P0 < 0.2) using the QuadraWin 5.05. The total pore volume (VT) was
calculated from the amount of gas adsorbed at P/P0 = 0.995. The pore
size distribution was calculated by using a QSDFT model with a slit/
cylindrical pore shape using the nitrogen adsorption data.

XPS data was acquired using a Kratos Axis SUPRA using mono-
chromated Al kα (1486.69 eV) X-rays at 15 mA emission and 12 kV HT
(180 W) and an analysis area of 700 x 300 µm. The instrument was
calibrated to gold metal Au 4f (83.95 eV) and dispersion adjusted give a
BE of 932.6 eV for the Cu 2p3/2 line of metallic copper. Ag 3d5/2 line
FWHM at 10 eV pass energy was 0.54 eV. Source resolution for mono-
chromatic Al Kα X-rays is ~ 0.3 eV. The instrumental resolution was
determined to be 0.35 eV at 10 eV pass energy using the Fermi edge of
the valence band for metallic silver. Resolution with charge compen-
sation system on determined to be< 1.33 eV FWHM on PTFE. Ce 3d and
O 1 s high resolution spectra were obtained individually in binding
energy windows of 945 – 870 eV and 540–520 eV respectively using a
pass energy of 40 eV, step size of 0.1 eV and dwell time of 100 ms,
resulting in a line width of ca. 0.7 eV for Au 4f7/2. Survey spectra were
obtained using a pass energy of 160 eV. Charge neutralisation was
achieved using an electron flood gun with filament current = 0.4 A,
charge balance= 4 V, filament bias= 5 V. Successful neutralisation was
adjudged by analysing the C 1 s region wherein a sharp peak with no
lower BE structure was obtained. Spectra have been charged corrected
to the C 1 s adventitious carbon signal at 284.8 eV. All data was recorded
at a base pressure of below 9 x 10− 9 Torr and a room temperature of 294
K. XPS Data was analysed using CasaXPS v2.3.26rev1.0 N. Peaks were fit
with a Shirley background prior to component analysis. Line shapes of
LA (1.53, 253) were used for all fitting.

Ti K-edge X-ray absorption spectroscopy (XAS) spectra were
collected at the μSpot beamline of the BESSY II synchrotron (Berlin,
Germany). [100,102] The X-ray beam delivered by a 7 T wavelength-
shifter was focused to a sub-millimeter spot using toroidal mirror and
monochromatized using a Si(111) double crystal monochromator. Third
order harmonics were rejected by misaligning the monochromator
crystals. Samples were placed in a polymethylmethacrylate holder
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closed with a 25 μm thick polyimide film filter to carry out measure-
ments in transmission mode. Spectra were collected at room tempera-
ture using two ionization chambers (FMB Oxford Ltd) to measure the
incident and transmitted flux. The energy was calibrated by measuring a
5 nm thick metallic Ti foil simultaneously with every sample. This was
achieved by using a third ionization chamber downstream from the
sample, so the same X-ray beam was passing through both samples.
Extended X-ray absorption fine structure (EXAFS) analysis was carried
out by using Demeter software package (ATHENA, ARTEMIS, HE-
PHAESTUS software’s) [103] using standard procedures for background
subtraction and Fourier analysis of the oscillations for the determination
of the coordination shells.

EPR measurements were conducted on a Bruker EMXnano benchtop
X-Band EPR spectrometer. The following settings were used for all
spectra acquisition unless other is specified: Center Field 3444.05 G,
Sweep Width 200 G, Receiver Gain 60 dB, Modulation Amplitude 1.000
G, Number of Scans 4, Microwave Attenuation 10 dB. Sample was placed
and flame-sealed in EPR capillaries (IntraMark, volume 50 μL, ID 0.86
mm), inside EPR tubes (ID 3 mm, OD 4 mm, length 250 mm). In-situ EPR
measurements of photocatalytic experiments were performed by
coupling Thorlabs M415F3 Fiber-Coupled LED (64 mW cm− 2 measured
at 0 cm distance) with Thorlabs DC2200 High-Power LED controller.

Photocatalytic TEMPO Detection Experiment: A solution of 2,2,6,6-
tetramethylpiperidine (TEMP) (5 μL, 0.03 mmol) in acetonitrile
(CH3CN) (3 mL) was prepared in a 4 mL glass vial. The solution was
flushed via the double needle technique with O2 for 2 min. The most
active catalyst (CN(10 %)-TiO2(90 %)) was prepared under the same
reaction conditions, and it was introduced into a capillary (IntraMark,
volume 50 μL, purchased from BRAND GMBH+CO KG) was sealed in the
flame of the gas burner from one side. The capillary was charged with an
aliquot of the TEMP solution in CH3CN (20 μL, 0.01 mol L− 1). The open
end of the capillary was sealed in the flame of a gas burner and placed
into an EPR tube (ID 3 mm, OD 4 mm, length 250 mm). The EPR
spectrum was acquired and used as a reference (0 min, in dark). After-
ward, the sample was directly irradiated using a 415 nm LED module
equipped with optic fiber, to perform in situ measurements. EPR spectra
were acquired immediately when turning the light ON and after 20 min.
The acquired spectra were compared with spectra obtained under the
same conditions, but using clean uncoated glass capillaries (control
experiments). [91].

Photocatalytic DMPO-O2•– Detection Experiment: A solution of 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) (5 μg, 0.04 mmol) in CH3CN (3
mL) was prepared in a 4 mL glass vial. The solution was flushed via the
double needle technique with O2 for 2 min. The most active catalyst (CN
(10 %)-TiO2(90 %)) was prepared under the same reaction conditions,
and it was introduced into a capillary (IntraMark, volume 50 μL, pur-
chased from BRAND GMBH+CO KG) that was sealed in the flame of a
gas burner from one side. The capillary was charged with an aliquot of
DMPO solution in CH3CN (20 μL, 0.01 mol L− 1). The open end of the
capillary was sealed in the flame of a gas burner and placed into an EPR
tube (ID 3 mm, OD 4 mm, length 250 mm). The EPR spectrum was ac-
quired and used as a reference (0 min, in dark). Afterward, the sample
was directly irradiated using a 415 nm LED module equipped with optic
fiber, to perform in situ measurements. EPR spectra were acquired
immediately after turning the light source ON and after 20 min. The
acquired spectra were compared with the spectra obtained under the
same conditions, but using clean uncoated glass capillaries (control
experiments). [91].

Irradiance of the LED modules was measured using PM400 Optical
Power and Energy Meter equipped with the integrating sphere S142C
and purchased from Thorlabs.

The reported errors include the precision of each measuring instru-
ment, and, in some cases, the variability observed in triplicate
measurements.

4.6. Performance tests

4.6.1. Photooxidation of benzylamine
In a vial of 4 mL, 5 mg of catalyst are weighted, 5 μL of benzylamine

and 1 mL of acetonitrile are added. The vial is saturated with O2 at-
mosphere for 2 min. The vial is stirred at 800 rpm and exposed to a
monochromatic LED red lamp light (625 nm, 50 W) for 72 h. After the
reaction, a few μL are taken to fill the third part of a gas chromatography
(GC) vial and completed with acetonitrile to quantify the resulting
conversion to dibenzylimine via GC. The unconverted benzylamine is
also quantified for internal control, both against a calibration curve
using a standard dibenzylimine solution.

4.6.2. Photocatalytic tests for H2 production
Photocatalytic H2 evolution activities were evaluated in a closed

system equipped with a pressure detector to examine the pressure of the
evolved gases in during photocatalytic reactions. Purple LED (50 W, λ =

410 nm) and blue LED (50 W, λ = 465 nm) was used for photocatalytic
H2 evolution evaluation, respectively. The used volume of the reactor
was 38 mL, and the temperature was controlled 298 K by cycle water.
Theevolved amounts of the gases were finally calculated by the Clau-
sius–Clapeyron relation (PV=nRT). Typically, 50 mg of solid catalysts
was dispersed into 38mL of DI water and TEOA (10 vol%) mixture,while
they were degassed in advance for use with vacuum and sonication,
respectively. 3 wt% of Pt cocatalyst were deposited by a typical in-situ
photo deposition strategy fromH2PtCl6 precursor. The H2 evolution rate
was calculated excluding the first reaction hour.

The AQY Measurement and Wavelength Experiment.
H2 evolution AQY was measured using a monochromatic visible light

(420 ± 1.0 nm). The AQY was calculated as follows:

AQY(%) =
2xrH2xNAxhc

SxIxλ

where rH2 is the production rate of H2 molecules (mol s− 1), NA is Avo-
gadro constant (6.022 × 1023 mol− 1),hc is the Planck constant (6.626 ×

10− 34 J s− 1) multiplied by c the speed of light (3 × 108 m s− 1) giving
(1.98644586 × 10− 25 J m), S is the irradiation area (cm2), I is the in-
tensity of irradiation light (W cm− 2), andλ is the wavelength of the
monochromatic light (m).

4.6.3. Electrochemical characterization
The electrochemical measurements of oxygen evolution were per-

formed in a IviumStat potentiostat using a 3-electrode cell. Such a cell
consists of a Pt wire as a counter electrode, Ag/AgCl as a reference
electrode, and FTO glass coated with the material as a working elec-
trode. An aqueous solution of KOH (0.1 M) was used as an electrolyte and
all the measurements were done at ambient temperature. The cyclic/
linear sweep voltammetry (CV/LSV). LSV and CV curves were acquired
at 10 and 20 mV s− 1 of scan rate, respectively. The electrode potentials
in all curves were converted to the reversible hydrogen electrode (RHE)
scale using the following equation: E(NHE) = E(Ag/AgCl) + 0.197 +

0.059 × pH V.

4.6.4. Photoelectrochemical test
For photoelectrochemical measurements, the same electrochemical

(3 electrodes) cell using a 150 W xenon arc lamp (LOT-Quantum Design
GmbH, LSE140/160.25C), that was calibrated to AM 1.5G, was used as
the light source.

4.6.5. Electrochemical impedance spectroscopy (EIS)
EIS measurements were performed using the same 3 electrode cell as

for the electrochemical characterization experiments. The EIS samples
measurements were acquired in the potential range from − 2 to 1.2 V
RHE, 0.05 V potential step, and frequencies from 10 kHz to 100 mHz, 10
mV potential amplitude. Nyquist plots were obtained by measuring the
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EIS. Z-View software was used to extract resistances and capacitance
from the Nyquist plots by fitting the experimental data to a simple
Randles’ equivalent circuit.
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[60] P. Jiménez-Calvo, C. Marchal, T. Cottineau, V. Caps, V. Keller, Influence of the
gas atmosphere during the synthesis of g-C3N4 for enhanced photocatalytic H2
production from water on Au/g-C3N4 composites, J. Mater. Chem. A 7 (2019)
14849–14863, https://doi.org/10.1039/c9ta01734h.

[61] Silva, I.F., Teixeira, I.F., Rios, R.D.F., do Nascimento, G.M., Binatti, I., Victória, H.
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