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1 Introduction

A major challenge for a successful transition to renewable-
energy exploitation is the design and development of efficient
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Ultrafast dynamics in polymeric carbon nitride
thin films probed by time-resolved EUV
photoemission and UV-Vis transient absorption
spectroscopyf
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The ground- and excited-state electronic structures of four polymeric carbon nitride (PCN) materials have
been investigated using a combination of photoemission and optical absorption spectroscopy. To establish the
driving forces for photocatalytic water-splitting reactions, the ground-state data was used to produce a band
diagram of the PCN materials and the triethanolamine electron scavenger, commonly implemented in water-
splitting devices. The ultrafast charge-carrier dynamics of the same PCN materials were also investigated using
two femtosecond-time-resolved pump-probe techniques: extreme-ultraviolet (EUV) photoemission and
ultraviolet-visible (UV-Vis) transient absorption spectroscopy. The complementary combination of these
surface- and bulk-sensitive methods facilitated photoinduced kinetic measurements spanning the sub-
picosecond to few nanosecond time range. The results show that 400 nm (3.1 eV) excitation sequentially
populates a pair of short-lived transient species, which subsequently produce two different long-lived excited
states on a sub-picosecond time scale. Based on the spectro-temporal characteristics of the long-lived signals,
they are assigned to singlet-exciton and charge-transfer states. The associated charge-separation efficiency
was inferred to be between 65% and 78% for the different studied materials. A comparison of results from
differently synthesized PCNs revealed that the early-time processes do not differ qualitatively between sample
batches, but that materials of more voluminous character tend to have higher charge separation efficiencies,
compared to exfoliated colloidal materials. This finding was corroborated via a series of experiments that
revealed an absence of any pump-fluence dependence of the initial excited-state decay kinetics and
characteristic carrier-concentration effects that emerge beyond few-picosecond timescales. The initial
dynamics of the photoinduced charge carriers in the PCNs are correspondingly determined to be spatially
localised in the immediate vicinity of the lattice-constituting motif, while the long-time behaviour is dominated
by charge-transport and recombination processes. Suppressing the latter by confining excited species within
nanoscale volumes should therefore affect the usability of PCN materials in photocatalytic devices.

and cheap photocatalytic materials.™* Besides being catalytically
efficient, suitable candidate materials and composites should
ideally contain only Earth-abundant elements, be non-toxic,
long-lived, and their production should be easily up-scalable.
Polymeric carbon nitrides (PCN) comprise a class of metal-
free, two-dimensional (2D) materials that have been proposed as
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promising candidates for various energy conversion applications.’
These include hydrogen and oxygen evolution (HER, OER) in the
water-splitting reaction,”® CO, reduction to produce storable
fuels,”’® and organic pollutant degradation,"* ™ with prospects
to expand their use in photovoltaic, electronic, bioimaging, and
sensing applications.'*™® Depending on the synthetic conditions,
the structure of PCN is based on either the s-triazine (1,3,5-triazine,
C3N;H3), heptazine (tri-s-triazine, 1,3,4,6,7,9,9b-heptaazaphenalene,
CeN,H3), or s-triazine and heptazine core heterocyclic aromatic
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units, composed of C and N atoms in ring structures."”” PCN has
attracted significant attention due to its photocatalytic performance
in the near-ultraviolet and visible (UV-Vis) spectral range, combined
with a high flexibility in structural modification, chemical robust-
ness, abundant availability and low cost."

Despite the advantages described above, the efficiency of PCN
is limited by poor visible-light-harvesting capacity, typically small
specific and morphology-dependent surface area (<10 m> g~ *),"®
moderately low quantum yield associated with rapid carrier
recombination, and inefficient transport of the photogenerated
charge carriers.”' Attempts to improve this situation include
structural and chemical modifications, as well as construction of
PCN-based heterojunctions and dye sensitisation.>>> Despite
this, the origin of the photocatalytic activity of PCN, and in
particular the dynamics of photogenerated charges is still poorly
understood. A number of questions correspondingly arise, which
are interrelated (and non-exhaustive).

(A) Nature of the active species

It is clear that reductive reactions, such as HER, utilise negative
charges on the catalyst-substrate interface, while oxidative reactions
(e.g., OER) require positive charges. Therefore, the recombination of
photo-generated electrons and holes must be suppressed in order
to facilitate reasonable catalytic yields. Thus, most approaches in
heterogeneous catalysis concentrate on efficient charge-separation
processes, accompanied by spatial separation of reductive and
oxidative reaction sites, including z-scheme reactions.” It is typi-
cally assumed that high carrier mobility is advantageous since it
should lead to faster separation and hence lower recombination
probability. However, recent theoretical results show that charge
separation - especially in the case of triazine/heptazine-based
polymers - is not necessarily the ideal approach.*® Hence, it is
not a priori clear whether separated charges or excitons are the
more desirable outcome of the photogeneration process.

(B) Semiconductor or molecular aggregate

Closely related to (A), heterogeneous catalysts/absorbers are typically
assumed to be either metals or semiconductors. While the notion of
any non-metallic, condensed material being a semiconductor is
valid in the wider sense, it is not necessarily a practical model. In
the case of PCN, carrier mobilities are generally found to be fairly
low, indicative of hopping rather than band-like transport.” At the
same time, the optical absorption and emission processes in the
low photon-energy range appear to be dominated by the network-
constituting motif.>’ > This is especially true for heptazine-based
materials like melon,?® while it seems to be less pronounced for
triazine-based networks.>* Spectroscopic results indicate that low-
energy (<3.5 eV) excitations result in both localised (excitonic) and
charge-separation states in varying proportions.>>*" Depending on
the photon energy of excitation light, PCN may therefore be more
appropriately described within a transition regime between a
molecular aggregate and (defective/amorphous) semiconductor.

(C) Absorption is not utilisation

While it is clear that every absorbed photon does not result in a
catalytic reaction, given losses through trapping and recombination,
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the former questions imply that there are drastic qualitative
differences between different photon energy ranges. The strat-
egy of simply enhancing the visible absorption - e.g., via the
formerly mentioned modifications — should therefore be care-
fully scrutinised.

(D) Choice of spectroscopic tools and correlation with
catalytic activity

Previous studies have consistently shown that the correlation
between specific surface area and catalytic activity is generally
evident for PCN materials. Based on the assumptions men-
tioned above, one would also expect similar correlations for the
lifetime and mobility of the excited species. Given the particu-
late morphology of most PCN materials, a direct measurement
of the latter is often impossible or associated with substantial
error margins. In order to access the “true” (i.e., intraparticle)
properties of charge carriers, time-resolved optical spectroscopy
techniques have been widely utilised as proxies, mainly in the
form of time-resolved photoluminescence (TRPL) and transient
absorption spectroscopy (TAS).?”*'7** Both techniques inte-
grate over the whole volume of photoexcited particles; their
sensitivity to surface species therefore depends strongly on the
specific surface area. Together with the above-mentioned low
mobility of excited species, previous studies found minimal
correlations between the kinetics of either TRPL or TAS traces
and catalytic activity.>*** However, the obtained results allowed
for the development of various microscopic excitation-transport-
relaxation models. Some of these models yielded even quantita-
tive predictions, e.g., for carrier lifetimes and mobilities, which
were successfully correlated to catalytic activities.”**” Besides the
lack of surface selectivity, neither TAS nor TRPL provide direct
insight into the absolute energetics of the excited species, i.e. with
respect to a well-defined energy reference. This, however, is a
crucial quantity for the assessment and optimization of catalytic
materials.

In this work, we apply steady-state and femtosecond time-
resolved extreme-ultraviolet (EUV) photoemission spectroscopy
(PES) to investigate the electronic structure and early-time
dynamics of four PCN materials with different morphologies,
as described below. The PES technique gives direct access to
electron binding energies (BEs) of the ground electronic states
of the investigated samples.*® The time-resolved PES (TRPES)
variant allows transient, excited-state electron BEs and popula-
tion dynamics to be probed in addition. In the condensed-
phase, these BEs primarily reveal energy gaps between the
initial and photo-oxidised final states of the many-body quan-
tum systems, but also include the effects of any static or
dynamic sample surface potential on the detected electrons.
The interpretation of (TR)PES spectra is therefore often not
trivial;** =" more details will be discussed below.

In contrast to bulk spectroscopy techniques like TAS, the
inherently shallow probing depth of EUV (TR)PES, of just a few
nanometres, results in a high experimental surface-
sensitivity.’® In femtosecond TRPES experiments, this leads to
the alleviation of the light-pulse-temporal-broadening effects
observed in TAS for scattering samples, facilitating time
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resolutions below 100 fs. In order to connect the extended range
of measurable quantities afforded by the EUV (TR)PES probe to
the literature and current state of the art, femtosecond diffuse-
reflectance TAS measurements have been performed on the
same samples that were investigated in the TRPES experiments.

Since there are numerous PCNs with different morphologies,
porosities, surface functional groups and electronic structure,
which cannot be fully tracked by elaborate techniques such as
TRPES or TAS, a “representative”’ choice of samples is important.
All of the samples that are investigated here were synthesised
using various flavours of the so-called bulk polycondensation
method. This route generally yields crystal structures closely
resembling melon,*>*® as opposed to the idealised, fully con-
densed 2D structure of “g-C3N,”.** Here, we included one of the
few well-established PCN materials derived from a sol-gel route
(sg-CN), providing repeatable results in terms of morphology,
surface area, and catalytic activity.*> Another strategy to obtain
high surface area, and thus enhanced photocatalytic activity, is
the so-called exfoliation method, which may yield 2D, atomically-
thin nanosheets.**** We chose a number of samples, derived
from a common bulk synthesis, that comprises atomically-thin
porous sheets of oxygen-containing or amino co-functional
groups, specifically engineered for enhanced HER.*?

Although many desired photocatalytic applications, such as
water-splitting, involve both reductive and oxidative reactions,
it is often beneficial to study the half-reactions separately. In
the example of the HER in water-splitting, triethanolamine
(TEOA) is often used as a sacrificial agent to quench the radical
holes.*® To enable this, the mutual energy levels of the photo-
catalyst and sacrificial agent need to be favourable. Therefore, in
this work, we also investigated the ground state energetics of an
aqueous solution of TEOA, applying liquid-jet, steady-state PES.*”"*®

2 Experimental methods
2.1 Sample preparation

In the present work, four different PCN materials were inves-
tigated. Firstly, mesoporous PCN (sg-CN, also referred to in the
literature as “sg-CN-6”’ or “CN-6") was synthesised and pro-
vided by the group of Prof. Arne Thomas from the Technical
University of Berlin. The sg-CN powder was synthesised at 550,
according to the previously reported procedure.*” The sample
used in the present study is from the same batch as the
material used by Indra et al.** A second batch of three PCN
powders was synthesised and provided by the group of Prof. Bin
Zhang from the Tianjin University.*> Here, the base “bulk”
material (CNB) was synthesised by thermal polymerisation of
melamine at 520 °C. From this sample, two exfoliated PCN
species with different co-functionalisation were derived. Porous
oxygen-rich carbon nitride nanosheets (CNPS-O) were pro-
duced by oxidation and etching of the initially produced CNB.
Amino co-functionalised, atomically-thin porous PCN sheets
(CNPS-NH,) were synthesised using the same procedure as
CNPS-O, with ammonia (NH;) treatment subsequently imple-
mented to further exfoliate and form -NH, groups on the
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Table1 Selected properties of the PCN samples investigated in this work.
Data were taken from the indicated references. Film thicknesses, dfiim.
were determined from cross-sectional SEM images (see Fig. S1, ESI), and
represent average values

Sample Sper/m* g~ pp/g cm™3 dghee/nM diim/pm
sg-CN>H*2 140 — 5 11.5
CNB** 8 0.544 16 1.8
CNPS-0O% 48 0.134 10 2.8
CNPS-NH,** 195 0.012 0.4 1.3

resulting 2D porous nanosheets. Selected properties of the
PCN samples are presented in Table 1. It can be seen that,
compared to bulk-synthesised material,"®** both sol-gel synth-
esis and exfoliation strategies yield high specific surface areas,
Sger, above 100 m®> g~', as determined by the Brunauer-
Emmett-Teller (BET) method.****** This is also reflected in
the drastically decreasing bulk density, pp, of the materials.
Sheet thicknesses, dgspeer, as determined by atomic-force micro-
scopy, tend towards the single-layer regime in CNPS-NH,, while
the other samples exhibit domain sizes in the interplanar
direction on the order of 10 nm, comparable to those reported
earlier for bulk-condensated PCN.*’

For each PCN sample, 10 mg of the respective powder was
dispersed in 5 ml of distilled water (18 MQ cm), followed by a
sonication treatment at 35 kHz for two hours to obtain disper-
sions with a concentration of 2 mg ml~". 2.2 mm thick, 1 x 1 cm®
surface area transparent low-iron sodalime-silica glass substrates
with an electrically conductive fluorine-doped tin oxide (FTO)
coating (7 Q sq ', Solaronix S.A.) were implemented in the
measurements. These substrates were sequentially sonicated for
15 minutes in isopropanol and hot distilled water (70 °C). The
PCN films were deposited onto the pre-cleaned FTO substrates by
drop-casting 20 pl of the respective PCN dispersions, and dried at
room temperature. Fig. 1 shows some resulting, representative
samples used in both the TRPES and TAS experiments. Additional
scanning electron microscopy (SEM) images can be found in
Fig. S1 of the ESI.f Room temperature UV-Vis diffuse reflectance
spectra of the thin films were recorded using a UV/Vis/NIR
spectrophotometer (PerkinElmer, Lambda 950), equipped with
an integrating sphere detector module; representative results are
shown in Fig. 5.

For liquid-jet PES studies of aqueous TEOA, an aqueous
solution (750 mM) was prepared at room temperature by
dissolving the TEOA solute (>99% purity, Carl Roth) in Milli-
Q water (18.2 MQ cm resistivity at 25 °C). Sodium chloride
(50 mM) was admixed to this solution in order to suppress the
effects of extrinsic potentials, such as the liquid-jet streaming
potential and ionisation-induced sample charging, in the PES
experiments.*®

2.2 Steady-state and ultrafast EUV TRPES

Fig. 2(a) shows a simplified scheme of the EUV-TRPES experi-
ment. The PES experiments were conducted with the ex situ
prepared PCN thin film samples inside an interaction chamber
maintained at a residual pressure of 10”7 mbar. The samples
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Fig. 1 Thin-film samples of mesoporous (sg-CN), bulk (CNB), oxygen-
containing (CNPS-O) and amino co-functionalised nanosheet PCN
(CNPS—NHy,), deposited on FTO-coated glass substrates.

were mounted in a stainless steel holder, which was in electrical
contact with the electron spectrometer. The position of the
sample in the interaction chamber was adjusted in front of the
orifice of the electron spectrometer using a high-precision three-
dimensional (3D) manipulator. The spectrometer axis was
oriented perpendicular to the EUV beam propagation. The angle
of the sample surface with respect to the incident EUV beam and
to the spectrometer axis was set to 45°. In the steady-state PES
experiments on aqueous TEOA solution, the sample was intro-
duced into the interaction chamber as an in-vacuum vertical,
free-flowing liquid-jet (LJ). The 750 mM solution was injected at
an actively-stabilised 1 ml min~"' flow rate through a 24 pm
orifice diameter glass capillary nozzle, forming a jet that
maintained a laminar flow over a length of a few millimetres.
Following interaction with the EUV laser pulses, the liquid
sample broke down into a droplet train, which was condensed
and ultimately frozen in a liquid-nitrogen-cooled cryogenic trap.
This allowed a residual pressure of 107°-10"* mbar to be
maintained in the interaction chamber during the experiment.
The jet was electrically grounded to the interaction chamber.
A cooling system, connected to the liquid-jet rod, allowed the
solution sample temperature to be stabilised at 7 °C, prior to
injection into the interaction chamber. The position of the
laminar region of the jet was adjusted in front of the spectro-
meter entrance orifice using the 3D sample manipulator.
Ultrashort laser pulses were generated from a femtosecond
Ti:Sapphire laser amplifier system (Legend Elite Duo, Coherent
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Inc.), delivering 2.5 mJ pulse™' energies, 28 fs (full-width at
half-maximum, FWHM) pulse durations, a central fundamental
wavelength of 800 nm (1.55 eV photon energy), at a 5 kHz
repetition rate. The laser system output was split by a beam
splitter into two parts, where 1.5 m] pulse™' energies were
implemented to generate the EUV probe pulses via frequency
up-conversion through the gas-phase high-order harmonic
generation (HHG) process. This was achieved by focusing the
800 nm beam into a 4 mm-long, argon-filled gas cell. The argon
(Ar) pressure was set to 50 mbar using a dosing valve and a gas
feed-through to the gas cell. The cell was sealed with a thin
aluminium foil, in which the entrance and exit apertures were
created by the focused laser beam. The linearly polarised laser
pulses were focused with a CaF, lens with a nominal, in-air
focal length of 600 mm. The laser focus was positioned
just after the exit of the Ar gas cell, to produce a near-IR focal
spot size of ~60 pm (FWHM). To optimise the HHG yield, the
peak intensity of the laser pulse at the focus was varied in the
range of 10'*-10" W ¢cm 2 by attenuating the high-harmonic-
generating laser beam power. In the present experiments, the
21st (32.52 eV/38 nm) or 25th (38.75 eV/32 nm) harmonic of the
fundamental frequency were spectrally selected using a reflec-
tive zone plate monochromator.* The zone plate is designed to
first-order diffract and focus the desired high-order harmonic
onto a monochromator slit. A 200 nm thick, meshless alumi-
nium foil spectral filter (Luxel Corp.) was placed after the slit to
filter any remaining 800 nm light, which may be scattered down
the vacuum beamline. Subsequently, the selected harmonic
was redirected and refocused into the sample interaction
chamber using a gold-coated toroidal mirror. This resulted in
a EUV-beam focal spot size of 60 pm (FWHM). A photon flux of
10° photons pulse ! and pulse duration of ~45 fs (FWHM)
were respectively measured in the interaction chamber using a
photodiode and by applying a cross-correlation technique.*’

A portion of the remainder of the laser output was used to
generate photoexcitation pulses with a 400 nm central wavelength

a. EUV TRPES

TOF spectrometer

A,
% ’b@/
%, .
[N\ \ ©@©9=. 5
: o Q\)ﬂ\‘) et |

PCN sample

b. UV-Vis TAS Spectrograph

CCD camera

Optical fibre

Diffuse reflectance

= py )

PCN sample

W
o™

Fig. 2 Simplified schemes of the time-resolved spectroscopy setups. (a) Ultrafast EUV TRPES, (b) ultrafast UV-Vis TAS. See the main text for details.
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(3.1 eV photon energy). This was achieved using second harmonic
generation (SHG) of the fundamental wavelength in a 150 um
thick p-BaB,O, (BBO) non-linear crystal. The produced pump
beam was sent through a variable-optical-delay, linear translation
stage, allowing the time delay between the optical pump and EUV
probe pulses to be tuned over a 2 ns range. Subsequently, the
400 nm beam was focused with a CaF, lens with a nominal focal
length of 384 mm and reflected into the interaction region by an
in-vacuum mirror placed slightly aside the EUV beam path, prior
to the interaction region. This resulted in a ~1° angle between the
optical and EUV beams and an on-sample focal spot size of 150 x
210 pm (FWHM) at the sample. Since the sample surface is
inclined by 45° within the plane spanned by the laser beams
and the spectrometer axis, both the pump and probe spot are
elliptical in shape at the sample surface. The pump and probe
pulses were spatially overlapped on the sample in front of the
orifice of the electron spectrometer. The pump pulse duration was
broadened to ~40 fs (FWHM) in the optical path, as determined
from the optical-EUV cross-correlation photoemission (PE) signal.
The peak intensity of the pump pulse at the focus was attenuated
to suppress multiphoton ionisation, as well as to avoid photo-
chemical degradation of the sample. Typically a pump pulse
energy of ~50 nJ pulse ', corresponding to a deposited pump
pulse energy density of ~140 pJ cm ™ * and a spatio-temporal peak
intensity of 4.6 x 10° W ecm™? at the focus, was applied in the
TRPES experiments on the PCN thin films. The pump and probe
beam polarisation axes were oriented parallel to each other and to
the spectrometer’s time-of-flight axis. The TRPES spectra were
recorded by scanning the pump-probe time delay over a range
from —400 fs to +2500 fs in 20 fs steps. To improve the signal-to-
noise levels, the delay range was swept through 15 times when
recording each data set.

The photoelectron kinetic energy spectra were recorded
using a commercial time-of-flight (TOF) electron spectrometer
(THEMIS 600 EP, SPECS GmbH). The electrostatic lens system
inside the spectrometer enables operation in different modes,
characterised by different angle and energy acceptance windows
and associated resolutions. For the experiments reported here, the
spectrometer was operated in three lens modes. The steady-state
PE spectra of the PCN thin films, as well as of the aqueous TEOA
solution, were recorded using the so-called drift mode (DM). This
provided a high energy resolution in a wide kinetic energy range,
but with a limited planar photoelectron acceptance angle of +1°
with respect to the spectrometer axis. The transient PE spectra of
the PCN thin films were recorded in the wide-angle mode (WAM)
and in the low-angular dispersion mode (LADM). The WAM allows
acquisition with a high signal-to-noise ratio, due to its large
photoelectron acceptance planar angle of +15°, but over a limited
kinetic energy range of 7 eV in the measurements reported here.
The LADM was applied to expand the kinetic energy range of the
recorded transient spectra to 15 eV, with a lower £7° angular
acceptance and, hence, signal-to-noise ratio. At a kinetic energy of
20 eV, the spectrometer resolutions in the DM, LADM, and WAM
were 25 meV, 80 meV, and 110 meV, respectively.

The central photon energy and the spectral bandwidth of the
EUV light were inferred from the steady-state PE spectra of Ar

27098 | Phys. Chem. Chem. Phys., 2023, 25, 27094-27113

View Article Online

Paper

gas, recorded prior to each data collection run (Fig. S2, ESI}).
The typical spectral bandwidth of the monochromatised 21st
and 25th harmonic of the laser, as recorded using the spectro-
meter LADM was 183 meV and 241 meV, respectively. The
temporal overlap between the pump and EUV probe pulses,
as well as the time resolution of the TRPES experiments, were
defined from the reference cross-correlation (CC) measure-
ments conducted with gas-phase (Ar gas) and solid-phase
(thin gold wire) targets before each experiment.’>>' In the
steady-state PES and TRPES experiments, the absolute electron
BE scale of the PCN samples was referenced with respect to the
Fermi level, Ey, of the samples and the spectrometer via a gold-
wire reference measurement. The electron BE scale of the
750 mM aqueous TEOA solution and ref. 50 mM aqueous NaCl
solution was energy-referenced with respect to the local vacuum
level, E,,, as well as to Ef, as defined by the energy calibration
procedure described in detail in Section 4 of the ESL¥

2.3 Ultrafast UV-Vis TAS

For the UV-Vis transient absorption spectroscopy (TAS) experi-
ments, the setup used by Noda et al. was modified to adopt a
diffuse-reflectance geometry.>® A simplified scheme of the
setup is shown in Fig. 2(b). The same laser system described
in Section 2.2 was utilized for the pump and probe light
generation, where the pump light generation was identical to
that used with the PES setup. The 400 nm central wavelength
pump pulse energies were varied using a half-wave plate and
polariser combination. There, the pump beam with ~45 fs
(FWHM) pulse duration was loosely focused to a diameter of
600 pum (1/e”) in the light-sample interaction region. The
resulting pump pulse energy density was varied between 42—
2120 pJ em 2, corresponding to spatio-temporal peak pump
pulse intensities of 3.3 x 10° - 1.6 x 10'° W cm™?, respectively.

The transient absorption changes were probed over the
visible and near-infrared spectral range with a white light con-
tinuum (WLC). For this purpose, a commercial femtosecond
optical parametric amplifier (OPA, Coherent OPerA Solo) was
employed to produce a pump wavelength of 1300 nm with 120 pJ
pulse energies. These NIR pulses were suitably attenuated and
focused into a 3 mm-thick sapphire crystal to produce WLC
probe light in a spectral range spanning 480-1650 nm.*° The
WLC probe pulse duration was estimated to be ~60 fs (FWHM),
as determined from the kinetic-model-based analysis of TAS
data. The WLC probe beam was focused with a 200 mm focal
length concave mirror into the interaction region, resulting in a
focal spot size diameter of 300 um (1/¢®) at the sample surface.
Care was taken to limit the WLC probe pulse energies to ~2 n]J,
corresponding to a peak intensity of ~7 x 10" W cm 2.

The diffuse-reflectance geometry was realised by placing the
samples horizontally, and using both pump and probe beams
in near-vertical incidence. Although the probe pulses were not
further polarised in these experiments, the WLC has predomi-
nantly the same linear polarisation as its respective pump
pulse, and the polarisations of pump and probe beams were
generally set to be parallel. In order to collect only the diffusely
reflected part of the probe light, two off-axis parabolic mirrors
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were used, and the incident beams were steered through a hole
in the first (collimating) mirror. It is important that the spec-
ular reflected beams leave the setup via this hole, such as not to
introduce a non-pump-probe-interaction background to the
TAS signals. The remaining diffusely reflected light was focused
into a multimode fibre, spectrally dispersed using a Czerny-
Turner spectrograph (Shamrock 303, Andor Technology), and
detected with a multichannel detector (Newton DU920 P-BEX2-
DD, Andor Technology). Since PCN emits substantial amounts of
luminescence in the blue-green region, suitable long-pass filters
were introduced to prevent detector saturation. This leads to an
effective probe range spanning 550-920 nm. Transient spectra
were recorded for pump-probe delays between —20 ps and
+1800 ps using the optical delay stage, where the delay was
imposed on the pump beam. A semi-logarithmic delay scheme
was utilised, providing a dense linear sampling during the
ultrafast period, and logarithmic sampling afterward.”?

3 Results

3.1 Ground state energetics of PCN

The electron BEs of the PCN thin films were determined on an
absolute energy scale at the solid-vacuum interface using solid-
state PES. Fig. 3 shows the steady-state EUV photoemission
spectra of the PCN samples, where the origin of the energy axis
is set as the Fermi level, Ex (see Section 4 of the ESIt). Here, and
in the subsequent sections, we analyse the data both within
molecular orbital (MO) and semiconductor band structure
frameworks. The former involves fitting the spectra using a
superposition of Gaussian bands, as given by

41n(2)(E — E,-)Z) | n

w2

f(E)= Z A; 411117(22) exp(

1

where E is the electron BE, w; is the full-width at half-maximum
(FWHM) of feature i, E; is the central peak position, and 4; is the
peak amplitude.

The spectra shown in Fig. 3 were fitted using eqn (1) and
four Gaussian components, to roughly extract the energetic
positions of the spectral bands associated with the lowest-
energy ionizing transitions of the PCN samples (see Table 2
for the fit results). A minimum number of Gaussian features
was employed in the fits. Due to the broad spectral structure of
the photoemission spectra, it is possible that several individual
photoemission bands of the PCN samples are represented by a
single Gaussian envelope. Remarkably, the three emission
bands in the lower BE range (peaks 1-3) could be fitted with
the same central positions for all four samples, yielding 3.61 eV,
5.37 €V, 7.66 eV peak centres, respectively, with only the widths
and amplitudes varying between the samples. The bands arising at
BEs >10 eV (peak 4), which provide most of the total count rate,
are best fitted using different parameters for each sample (see
Table 2). The PE spectral profile of the CNPS-NH, sample is similar
to the bare FTO-coated substrate (see Fig. S3, ESIT), although the
CNPS-NH, higher-BE spectral features are significantly more
intense. At low BEs, the underlying photoemission signal from
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Fig. 3 Steady-state EUV photoemission spectra of the sg-CN, CNB,
CNPS-0O, and CNPS—-NH; thin films in the low BE region. The spectra
were fitted by a superposition of Gaussian envelopes. The labels 1-4 are
assigned to the decomposed emission bands of the PCNs obtained from
the multi-component Gaussian fit (Table 2). The VBM position determined
for each sample, as extracted from a tangent fit to the PCN signals and the
associated low-BE x-axis crossing point (see Fig. S7, ESI¥), is indicated by a
blue arrow. The electron BE scale is presented with respect to Ef.

the FTO substrate notably interferes with the analysis of the low-
signal-level CNPS-NH,, data. Thus, the widths and amplitudes of
emission peaks 1-3 are larger for the CNPS-NH, thin films when
compared to the sg-CN, CNB, and CNPS-O samples.

Based on previous studies, we tentatively assign the photo-
emission bands introduced above as follows. Inoki et al

Table 2 Fit parameters of the Gaussian envelopes used to describe the
photoemission bands of PCN thin films

Sample Label BE/eV FWHM/eV
sg-CN 1 13.61 £ 0.38 2.09 £ 0.07
2 15.37 £ 0.37 3.41 £ 0.06
3 17.66 £ 0.31 2.73 £ 0.05
4 11.90 £ 0.04 4.62 + 0.06
CNB 1 13.61 £ 0.39 2.16 £ 0.08
2 15.37 £ 0.34 2.62 £ 0.14
3 17.66 £ 0.30 1.71 £+ 0.09
4 10.89 £ 0.29 6.33 £ 0.08
CNPS-O 1 13.61 £ 0.37 2.60 £ 0.06
2 15.37 £ 0.34 2.95 £ 0.03
3 17.66 £ 0.29 3.23 £0.03
4 12.78 £ 0.31 5.98 £ 0.22
CNPS-NH, 1 13.61 £ 0.38 4.67 £ 0.22
2 15.37 £ 0.39 3.84 £0.14
3 17.66 £ 0.32 3.35 £ 0.04
4 10.73 £ 0.02 3.62 £ 0.06
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observed similar photoemission bands, centred at BEs around
3.5 eV, 4.5 eV, and 7.0 eV in their ultraviolet photoemission
spectroscopy studies on melon-based and so-called “parvus”
carbon nitride thin films.>® In the present study, the spectral
bands of the PCN thin films are significantly broader compared
to the previously reported results, which leads to a significant
overlap of the photoemission bands in the valence spectra of
the PCNs. This may be partially due to the comparably broad
EUV-source bandwidth and the limited spectrometer energy
resolution used in the present experiments. Apart from that,
the electronic structure of PCN thin films depends on the local
synthetic conditions of the obtained powdered PCN product.
Studies on amorphous CN have shown that the energetic
position and width of the photoemission bands in the valence
spectra depends on the nitrogen content.>® Souto et al.
attempted to assign the origin of the main features of the
valence photoemission spectra of amorphous CN films.>
Accordingly, the two photoemission bands centred around
3.61 eV and 7.66 eV BEs can be associated with n-bonding
and o-bonding states, respectively, specifically due to deloca-
lised C 2p electrons. The peak arising at 5.37 eV can be
attributed to C-C m-bonding states as well as the localised
nitrogen lone pair electrons. The broad photoemission bands
centered at >10 eV BEs may be assigned to C-N c-bonding
states.>

In addition to the approximate MO decomposition of the
photoemission spectra, the position of the valence-band maxi-
mum (VBM) of the samples was extracted within a semiconductor
electronic structure framework. The VBM values obtained using a
tangent derivative-based method (Fig. S7, ESIt), are presented in
Table 7, and are shown by the blue, vertical arrows in Fig. 3. For
application in photocatalytic water-splitting, the position of the
VBM of the PCNs should be low and correspond to a more positive
potential than the redox potential of the desired oxidation process.

3.2 Ground state energetics of aqueous TEOA

The valence electronic structure of the TEOA sacrificial agent,
which is used as a hole scavenger for PCN photocatalysts in
order to achieve a high H, evolution rate in the water-splitting
reaction, was interrogated at the liquid-vacuum interface using
steady-state liquid-jet PES. The details of the analysis procedure
are presented in ESI,{ Section 4. Briefly, the pre-calibrated
PE spectrum of the H,O solvent was used to calibrate the BE
axis,>® followed by subtraction of a reference 50 mM aqueous
NaCl, NaCl,q), solution spectrum from the spectrum of aqu-
eous TEOA, TEOA(,q), to obtain the PE spectrum of the TEOA
solute. As in the majority of LJ-PES experiments, this energy-
referencing treatment assumes that the solute (750 mM
TEOA(,q)) has a negligible effect on the electron BEs of the
water solvent, which can lead to BE calibration errors on an up
to few-hundred-meV scale.>®

Fig. 4 shows the difference photoemission signal between
TEOA(,q) solution and reference H,O solvent spectra. The
solvent-subtracted signal was fitted using a superposition of
two Gaussian envelopes, described by eqn (1), to extract the
energy positions of the peaks corresponding to the removal of
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Fig. 4 The difference between the H,O solvent and the TEOA ;) solution
spectra. Two low BE photoemission peaks of the TEOA solute are high-
lighted, as well as the VBM position determined from the derivative-based
tangent intersection with the BE-axis (see Fig. S6, ESIT).

an electron from the highest occupied molecular orbital (HOMO)
and HOMO-1 of the TEOA solute during the photoionisation
process. After such a subtraction, two TEOA,q photoemission
bands are resolved at 3.35 & 0.54 eV and 5.44 & 0.42 eV BEs with
respect to Er. By applying the tangent method, and assuming
that the threshold ionisation energy of the TEOA solute is
equivalent to its VBM (i.e., assuming a negligible reorganisation
energy of aqueous TEOA following photoionisation), the VBM of
the sample was also extracted from the recorded liquid-jet PES
difference spectrum. The correspondingly extracted VBM value
of the TEOA solute is 2.31 £ 0.38 eV. This value differs from the
previously reported cyclic and differential pulse voltammetry
studies,”” > where the irreversible oxidation potential for the
TEOA(,q) solution was found to vary between 0.5 V and 1.07 V
(or eV) versus the standard hydrogen electrode (SHE), depending
on both the TEOA concentration and the pH of the solution. To
our knowledge, no PES studies of the TEOA solute have been
carried out so far. A discussion on the difference between
voltammetry and PES determinations of oxidation potentials
and the PES-determined band alignment of the PCN samples
with respect to the TEOA solute will be presented in Section 4.1.

3.3 Optical transitions in PCN

The low-energy optical excitations in the thin-film PCN samples
were determined using UV-Vis diffuse reflectance spectroscopy.
The resulting absorption spectra are shown in Fig. 5. Assuming
that the initial excitation is localised, we believe that a molecular
electronic structure framework is more appropriate for describing
optical transitions in PCN samples. All PCN samples exhibit
the characteristic absorption increase in the near-UV (>2.8 eV,
<440 nm). These absorption bands have been previously
assigned to m — w* transitions of the heterocyclic aromatic
constituents in the conjugated ring systems.>***®' Photo-
catalytic and spectroscopic experiments indicate that these
transitions lead to relatively efficient charge-separation, and thus
provide the main contribution to the photocatalytic activity in
the UV-Vis excitation range.””*?*** CNPS-O and CNPS-NH,
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Fig. 5 Signal-onset regions of UV-Vis absorption spectra of the meso-
porous (sg-CN), bulk (CNB), porous ultrathin nanosheets of oxygen-
containing (CNPS-0O) and amino co-functional groups (CNPS—NH,)
PCN thin films deposited on a FTO-coated glass substrate. The fits (dashed
lines) represent a decomposition into Gaussian bands according to eqn (1)
(see Table 3). Red arrows indicate the direct band gap energies determined
from the data by employing the Tauc method (see Fig. S8, ESI{), and are
summarised in Table 4.

show blue-shifted absorption edges, indicating larger HOMO-
LUMO (or band) energy gaps as compared to CNB. This can
possibly be attributed to quantum confinement,®” or a smaller
solvatochromic effect, caused by the reduced number of neigh-
bouring heptazine units,** both of which would ultimately be
due to a smaller sheet thickness of the exfoliated samples. The
shoulder in the sg-CN sample, which appears at about 2.5 eV, is a
typical feature of increased synthesis temperatures.*>® It has
been initially interpreted as being due to n — w* transitions
involving lone pairs on the N atoms of the triazine/heptazine
rings.®”®" More recent theoretical studies indicate that such
transitions may also be of & — m* character.>® Both band-band
transitions are dipole-forbidden for perfectly symmetric and
planar s-triazine or heptazine units, but they become weakly
allowed due to vibronic intensity borrowing from higher-lying
bright states, and due to structural distortions.>*®* Such defor-
mations have been shown to become more prominent with
higher polymerisation temperature, including effects caused by
layer buckling and deviation of the ring units from a trigonal
symmetry.>**°

In the following, we will quantify these observations using
the same framework as used for the steady-state PE spectra.
Firstly, within the aforementioned MO picture, the experi-
mental UV-Vis absorption spectra were analysed by fitting a
superposition of Gaussian envelopes described by eqn (1). It is
noted that a Gaussian envelope is an approximation for the
true vibronic envelope of an inhomogeneously-broadened
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condensed-phase transition. The minimum number of Gaus-
sian envelopes needed to describe the experimental absorption
spectra were fitted, which are deemed to correspond to the
contributions of individual electronic transitions. As with the
PES fits, it is not excluded that two electronic transitions, which
cannot be clearly distinguished in the present spectra without
the use of theoretical calculations, are modeled by a single
Gaussian envelope here. The respective fit results are presented
in Table 3. For CNB and CNPS-O, a good description is found
using two bands each, centred at similar peak positions, albeit
with slightly different amplitude ratios. Only the latter of these
two peaks, at 3.22 eV, is needed to describe the spectrum of
CNPS-NH,. This behaviour may be interpreted either as a blue-
shift of the = — =n* transitions, or a big change in relative
proportions between different transitions within this manifold.
On the other hand, in sg-CN, the higher-energy spectral range
can be described using one considerably broader band, in
addition to another broad peak centred at 2.57 eV. This
suggests that the two different applied synthesis methods have
an effect not only on the morphology, but also on the electronic
structure of the PCNs.

As mentioned above, PCN is typically described within a
semiconductor picture. However, it is not clear whether direct
or indirect band gaps should be assumed, and consequently
one can find values extracted using both assumptions in the
literature. Here, we analyse the spectra using Tauc’s method for
amorphous semiconductors,® and apply the tangent method
described above to extract both direct and indirect band gaps,
E,, according to

(ehv)''" = C(hv — Ey), 2

where o is the optical absorption coefficient, #v is the photon
energy and C is a proportionality constant. The parameter n
depends on the nature of the electronic transition, with n = 1/2
for direct or n = 2 for indirect allowed electronic transitions,
respectively.®®

The results for direct and indirect band gap values are given
in Table 4, and the analysis procedure details are presented in
the ESI.{ Taking this into account, a pump pulse photon energy
of 3.1 eV (400 nm) was chosen to initiate the photoinduced
electron dynamics in the PCN thin films in the present studies.

Table 3 Fit parameters of the Gaussian envelopes used to describe the
low-energy absorption bands of the PCN samples

Sample Label Epecar/€V FWHM/eV
sg-CN 1 2.57 + 0.01 0.53 4+ 0.01
2 3.21 + 0.01 0.63 + 0.01
CNB 1 2.97 4+ 0.01 0.19 4+ 0.01
2 3.21 + 0.01 0.39 + 0.02
CNPS-O 1 2.97 4+ 0.01 0.17 4+ 0.01
2 3.23 + 0.01 0.33 + 0.01
CNPS-NH,, 1 3.22 + 0.01 0.18 4+ 0.01
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Table 4 Band gap energies of the PCN samples for direct and indirect
allowed electronic transitions, as determined from the Tauc plots

Sample E, direct/eV E, indirect/eV
sg-CN 2.88 £+ 0.02 2.71 £ 0.03
CNB 2.95 £ 0.03 2.81 £+ 0.01
CNPS-O 3.06 £ 0.01 2.96 £ 0.02
CNPS-NH, 3.13 £ 0.02 3.09 £ 0.01

3.4 Excited state TRPES study of PCN thin films

The early-time electron dynamics of the PCN thin films, following
photoexcitation at a 400 nm central wavelength, were studied at
the surface-vacuum interface using TRPES, both in the WAM and
LADM of the spectrometer. The resulting 2D maps — presented
here following subtraction of the time-independent, EUV-only PE
spectra — are shown in Fig. 6. The relative magnitude of the PE
yield is represented by the colour bar in the figures (note that
the colour maps associated with the different data sets have
been individually normalised). The electron BE scale in Fig. 6 is
energy referenced with respect to Er, as determined from the steady-
state PES measurements using the reference Au-wire sample.
To enhance visibility of the transient signal, the EUV emission
spectrum of the unpumped sample, recorded at negative time
delays and averaged over the range between —400 fs and —200 fs,
was subtracted as a background spectrum from the data
recorded at each time delay. The time zero position was
corrected in each delay time scan, according to the peak of
the pump-probe cross-correlation (CC) signal arising at early
time delays. The CC widths have been respectively determined
to be 80 & 16 fs and 92 + 13 fs for the WAM and LADM data sets
shown here (see Fig. S10, ESIt).

To prevent significant multi-photon ionisation of the sample
by the pump pulse and, thus, to reduce the space-charge effect
that perturbs the photoemission spectra,®®®” the pump pulse
peak intensity was reduced. Nevertheless, one should note that
to achieve reasonable integration times in TRPES experiments
with kHz light sources, relatively high pulse fluences are often
required. Due to the 5 kHz repetition rate laser source employed
in the present experiments, the acquired photoemission signals
exhibit a low signal-to-noise ratio. For this reason, the 2D maps
in Fig. 6 show rebinned transient data over the BE-axis with bin
sizes of 0.25 eV and 0.35 eV for the WAM and LADM, respec-
tively. However, further integration of the transient signal over
the different BE ranges gives much better statistics, as shown in
the lower panels in Fig. 7.

Generally, the different samples and recording modes show
similar features, which are:

1. A strong positive signal (red colour) around zero delay
time, which is partially due to the CC.

2. Another positive signal, at negative BE (i.e., energies above
Eg) and observed using the spectrometer WAM, with an appar-
ent decay time of a few hundred femtoseconds.

3. A long-lived bleach signal (shown in blue), appearing
rapidly at short delay times and from zero towards positive
BEs, which is the most prominent feature in both the WAM and
LADM data sets.
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Fig. 6 2D maps of the transient photoemission signal. The data is plotted
as a function of the electron BE and pump—probe time delay for the PCN
samples recorded in both the WAM (left panels) and LADM (right panels)
of the spectrometer. For better visualisation of the transient signal, the
time-independent background signal, recorded at negative pump—-probe
delays, has been subtracted from the data. The transient data was
recorded with a pump—pulse fluence of 140 pJ cm~2. The BE scale is
energy-referenced with respect to the sample and spectrometer E.

4. Another positive signal at higher BE, which emerges after
a few hundred femtoseconds and is most obvious in the
spectrometer LADM.

Features 3 and 4 persist beyond the time scale of the present
measurements, out to x2.5 ps pump-probe delays. Note that
for better visualisation of the positive signal from ionisation of
the transient excited states, the relative magnitude of the colour
scale of the PE yield differs in the 2D maps presented for the
WAM and LADM data. Therefore, the negative values of the
transient signal at positive time delays seemingly, but artifi-
cially, emerge at different BE ranges in the left and right panels
of Fig. 6. Due to the lower collection efficiency, the positive
transient signal in LADM is less readily identified in the
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Fig. 7 Global fit reproduction of the experimental background-subtracted transient photoemission spectra for the sg-CN thin films recorded in the
WAM and LADM of the spectrometer with the use of the kinetic model described by egn (3). The data is energy-referenced with respect to Ef of the
sample and the spectrometer. The lower panels show the time dependence of the transient signal integrated over the different BE ranges encompassing
the population of the short- and long-lived excited states in the sg-CN sample. The negative contribution to the transient signal, associated with
depletion of the ground state, was subtracted from the data (grey circles) and the cumulative fit results (black curves) and is not presented here.
A schematic depiction of the PCN photocycle at the surface-vacuum interface following 400 nm optical excitation is also shown in the upper right
corner. The rate parameters described in egn (3), k;_3, are appended to this depiction.

electron BE range below about 2 eV in comparison to that previously observed. The transient signal prevailing in the
collected in WAM. This also has an impact on the strength of photoemission spectra recorded in LADM indicates the popula-
the positive feature associated with the CC signal from the PCN  tion of a long-lived electronic state at higher BE. The long-lived
samples in the vicinity of zero time delay. The energetic ~dynamics in PCN colloids after light excitation have previously
position of the CC signal in the transient photoemission been attributed to the formation of a charge-transfer (CT) or
spectra recorded in LADM extends over a range from approxi- singlet exciton (SE) state.>”*'* Thus, based on the observed
mately 11 eV to 0 eV BE, being most prominent in the higher spectroscopic features as well as previously reported results, the
BE range. early-time electron dynamics of PCN thin films following
The analysis of the transient photoemission spectra was 400 nm optical excitation can be represented in terms of a
based on solving sets of kinetic equations that were used to kinetic model that involves a sequential population of four
model the time-dependent population of electronic states using excited electronic states. The proposed photocycle is schemati-
a global fitting procedure. According to previous TRPL and TAS cally depicted in Fig. 7. It comprises the minimum number of
studies,””*"**°® the decay of the initially populated 400 nm- electronic states required to describe the population dynamics
excited state in PCN powders and colloids occurs within about and transition channels in the PCN samples, as based on a
200 fs. The dynamics that occur on this timescale are also global analysis of the measured multidimensional data in both
observed in the transient photoemission spectra of the PCN the WAM and LADM of the spectrometer.
thin films, specifically as a prominent transient signal in the According to the kinetic model, optical excitation of the
low BE range, that is particularly apparent in WAM. In addition, dipole-allowed electronic transition at 3.1 eV central photon
there is a clear indication of the subsequent population of an energy leads to photoexcitation from the electronic ground
excited electronic state that decays within 1 ps, which was not state (GS) to a first excited state (ES1). The excited state ES1
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undergoes a fast relaxation process and populates a short-lived
intermediate state (ES2). The sequential relaxation of the
intermediate ES2 state leads to the formation of a long-lived
metastable state (ES3), followed by further electronic relaxation
processes on a timescale that significantly exceeds the time
delay range implemented in the TRPES experiments. The pre-
sent kinetic model will be extended in Section 3.5 below, based
on the results of extended-time-delay-range TAS experiments,
which reveal kinetics on much longer time scales. The rate-
equation system for the electron population dynamics, probed
using TRPES, has the following form:

acs| _
98— _pr)- (a8
d“j:” — P(t) - [GS] — ki - [ESI]
3)
dES2]
S = k- [BS1) — ka - [ES2)
@ — k- [ES2] — ks - [ES3].

Here, P(t) is the time-dependent excitation rate coefficient for
the transition from the ground state, GS, to the initially
populated state ES1, which is described by a Gaussian temporal
envelope of the pump pulse, P(f) oc exp(—t*/pump ), Where
Opump 1S the pump pulse width. The rate coefficients k;_3
characterise the sequential transitions to the subsequent states
ES2 to ES3 to the undefined, subsequently populated state, X,
respectively. Initial conditions for the normalised state popula-
tion densities are [GS] = 1, [ES1] = [ES2] = [ES3] =0 at ¢t > — 0.

Fig. 7 exemplarily shows the experimental background-
subtracted transient data (top row) and the result of the global
fit (middle row) for the sample sg-CN, recorded in WAM (left)
and LADM (right). Details about the fit results for all PCN
samples, including associated residual maps, can be found in
Section 8 and Section 9 of the ESL{ It can be seen that the fit
results (second row panels in Fig. 7) match the experimental
data quite well. This is exemplified by the decompositions
shown in the lower panels of Fig. 7. Here, the ultrafast decay
of ES1 is prominently visible in the —2 to 1 eV BE interval in
WAM. On the other hand, the build-up of the long-lived state,
ES3, can be clearly modelled in the region 6.9-10.9 eV in the
LADM data. Furthermore, the kinetic parameters, shown in
Table 5, are consistent between the WAM and LADM results.
Here the decay time constants represent inverse values of the
corresponding transition rates: t; = k; ', For the first excited
state, ES1, we find a decay time 7, &~ 165 fs, slightly faster than
the reported literature values.’’**°® The relaxation into the
longer-lived state ES3 from the intermediate ES2 state proceeds
within 7, & 700-730 fs. In comparison to that, the other three
CN samples exhibit slightly faster relaxation of ES1 (135-155 fs),
and slightly slower transitions from ES2 to ES3 (820-960 fs). The
latter is also apparent from the comparably delayed onset of the
respective blue/red features of these samples in the LADM (right
column of Fig. 6). From these results, one may deduce a general
trend towards faster relaxation of ES1 and slower build-up of ES3
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Table 5 Kinetic parameters obtained from the global fits to the transient
photoemission spectra recorded in the WAM and LADM

Sample Mode 74/fs 7,/fs 75/ps
sg-CN WAM 166" 7317, >2.4
LADM 165 7093 >2.4
CNB WAM 1424 824"%, >2.4
LADM 138", 83025 >2.4
CNPS-O WAM 153%% 877+%, >2.4
LADM 14673 9037, >2.4
CNPS-NH, WAM 137'% 953"% >2.4
LADM 1358 960" %% >2.4

with reduced domain size in the vertical (interplanar) direction
of the PCN structure.

Fig. 8 shows the state-associated spectra for the sg-CN
sample, as extracted from the global fits to the spectrometer-
WAM photoemission spectra. The state-associated spectra for
all four PCN samples are shown in Fig. S15 of the ESI.{ These
spectra highlight an initial positive PE signal at negative BEs
(ES1, ES2), together with a shift towards higher positive BE in
ES3. This may be associated with the evolution of either the SE
or CT states. Both cases are characterised by the presence of an
outer-valence hole (left over by the former HOMO/VB electron),
accompanied by an electron in a more weakly bound state, as
compared to the GS. The PE spectrum of ES3 shows the
signature of the hole as a loss of PES amplitude in the
HOMO/VBM range, while the excited electron signal only
appears to be observable at negative BE during the ES1/ES2
phases. Apparently, there is no discernible signal of the photo-
excited, hole-separated electron in the ES3 spectrum; we spec-
ulate that this may be related to the limited (but best achiev-
able) signal-to-noise ratio in our 5 kHz, EUV-probe experiments
and the production of excited electron signatures with a broad
range of BEs. Unfortunately, further interrogation of this intri-
guing behaviour requires the implementation of a significantly
higher repetition rate, ultrashort-pulse EUV light source.

100 T T T T v v
—as
——ES1

10 ¢ ——ES2 7
ES3

0.1f 3
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. . L
1 0 - -2

Binding Energy / eV
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=
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Fig. 8 State-associated spectra of the electronic states extracted from
global fits to the photoemission spectra for the sg-CN sample recorded in
the WAM, following photoexcitation at 3.1 eV. The BE scale is energy-
referenced with respect to the sample and spectrometer Eg.
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3.5 Transient diffuse reflectance spectra of PCN thin films

Diffuse reflectance TAS studies were performed to gain detailed
insights into interfacial electron transfer processes and track
the ultrafast photodynamics of the PCN thin films on time
scales ranging from femtoseconds to nanoseconds. As opposed
to the current implementation of the TRPES technique, the TAS
experiments additionally allow the application of a range of
pump fluences, so as to investigate the influences of higher
excited-state concentrations on the immediate and subsequent
kinetics of the system. The effect of wavelength-dependent
pump-probe interaction due to the chirp of the probe pulse
was modelled in a global fit routine.>***>®® Fig. 9 exemplarily
shows the 2D maps associated with chirp-corrected transient
diffuse reflectance signals from the sg-CN thin films for an
applied pump pulse fluence of 420 & 50 uJ cm™?, recorded as a
function of probe wavelength and pump-probe time delay. The
colour bar represents the relative magnitude of the absorbance
change, AOD(t,/), induced by the pump pulse. For better
visualisation of both ultrafast and long-lived transient signals,
the data are presented on a semilogarithmic time axis.>” The TA
rises sharply at zero delay time, and generally relaxes very
slowly, leaving a substantial signal at the maximum time delay
of 1800 ps. The accompanying spectrum is very broad, covering
the whole probed wavelength range (550-920 nm), and has no
detectable distinct sharp features.

In order to incorporate the prevailing long-lived dynamics
observed in the TAS studies, as well as the ultrafast kinetics
evident from the TRPES measurements, it was necessary to
implement a more complex kinetic scheme. Here, we also take
into account the observations and proposed explanations that have
been reported in previous TRPL and TAS studies.?’2%31:33:68,70-72
According to those results, there are (at least) two additional
processes that potentially contribute to the long-lived population
dynamics in PCN materials. The first process, identified as
prompt fluorescence, occurs on a time scale of hundreds of ps
up to several ns. The second process is the so-called delayed
fluorescence, which exhibits a spectral distribution similar to
prompt fluorescence, but with emission occurring on time
scales up to milliseconds. While the former process is typically
associated with singlet excitons (SE), the latter involves spatial
separation of species. This may be either due to the formation
of triplet exciton (TE) states (via singlet fission), or the emer-
gence of a charge-transfer (CT) state. Although the exact nature
of the separation state is currently unclear, we will refer to it in
the following as a CT state. Regardless, the recombination
process of either TE or CT species will be of a diffusive nature,
whose elemental steps (e.g., nearest-neighbour hopping) take
place on the timescale of a few nanoseconds. This part of the
model is corroborated by TRPL as well as TAS studies, showing
the characteristic power-law type decay curves (I oc ¢ %) asso-
ciated with diffusion-limited recombination processes.>”"*?

Taking this into account, we can extend the earlier model as
depicted in Fig. 9: after formation of the intermediate ES2 state,
two relaxation paths lead to the formation of metastable states
ES3 and ES4, presumably corresponding to the CT and SE
states, respectively. The formed ES3 (CT) state may undergo
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Fig. 9 Global fit reproduction of the experimental, chirp-corrected dif-
fuse reflectance spectra for the sg-CN thin films recorded for pump pulse
fluence of 420 4 50 pd cm~2 with the use of the kinetic model described
by egn (4). The lower panel shows the time dependence of the TA signal
integrated over the 550-920 nm wavelength range. This range encom-
passes the interfacial population dynamics of the 400 nm photoexcited
states in the sg-CN sample. The upper panel shows a schematic depiction
of the PCN photocycle at the bulk-surface interface following 400 nm
optical excitation. The rate parameters described in eqn (4), ki_g, are
appended to this depiction.

parallel transitions to the ES4 (SE) state, as well as alternative
relaxation processes (here denoted as leading to X*). The latter
manifest as delayed fluorescence (and/or long-lived TA) signals
on time scales much longer than those measured in the
TAS experiments, which can be characterised by the above
mentioned power-law decays. As such, we can only observe
the fastest part of this ensemble of diffusion-limited relaxations
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or other lifetime distributions.?”** State ES4 (SE) is assumed to
relax to the ground state (GS) via an at least partially radiative
channel, corresponding to the prompt or delayed fluorescence
signal. The kinetic rate equations thus read:

d[gs] — _ (1) [GS] + ks - [ES4]
d[EST])
POl p() (68~ k- EST
d[izsz] =ky- [ESI] . (/(2 + kz) . [ES2] (4)
d[if:ﬂ =ky- [ESZ] — (k4 + kﬁ) . [ES3]
d“fhs‘” — ks - [ES2) + ke - [ES3] — ks - [ES4].

The results of the global fit are shown in Fig. 9 for sg-CN,
and the respective fit parameters of the kinetic model are given
in Table 6 for a pump fluence of 420 + 50 uJ cm™ > for sg-CN,
CNB, CNPS-O and CNPS-NH, samples. The effect of wavelength-
dependent pump-probe interaction due to the chirp of the probe
pulse was modelled in a global fit routine.?>>>®° The TAS results
presented below show the corrected data and fits, accordingly.
A more detailed description of the global fit results for all samples
can be found in the ESI,f Section 11. In Fig. 9, the fit results
(middle panel) demonstrate a good reproduction of the measured
TA data. This is also apparent in the lower panel in Fig. 9, where
the transient signal is integrated over the full wavelength range. In
general, we find that the relaxation time constants of ES1 and ES2
follow the trend of the TRPES results for the different samples.
Namely, a speed-up of the decay of ES1 and a slowing-down of
that of ES2 (combined rate constants k, + k; in eqn (4)) when
going from bulk sg-CN and CNB towards exfoliated CNPS-O and
CNPS-NH, samples. The relaxation of the supposed CT state ES3
becomes slightly faster (k; + kg); however, given the probed time
range, a definite assessment of the values is difficult. Notably, the
supposed partial radiative decay (ks) of ES4 does not show a
distinct trend among the different samples.

The influence of pump fluence on the electronic relaxation
dynamics was monitored for excitation fluences of 40 £ 5,
140 + 20, and 420 + 50 uJ cm ™ for the sg-CN, CNB, and CNPS-
O samples, respectively. Due to the relatively low AOD(t,A)
values obtained for the TAS signal in the CNPS-NH, sample,
higher excitation fluences of 420 £ 50, 1400 + 200, and 2100 +
300 pJ cm™? were applied in that case. Fig. 10 shows the
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excitation fluence at zero time delay. The data (circles) and the cumulative
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normalised kinetic traces of the TAS signal of sg-CN, integrated
over the 550-920 nm wavelength range as a function of pump
fluence. The initial amplitude at zero time delay, ¢, is found to
increase linearly with the pump fluence, as shown in the inset
in Fig. 10. There is thus no evidence for a substantial contribu-
tion of multi-photon absorption, nor for saturation effects in
the immediate excitation process. On the other hand, increased
pump fluences result in a relative decrease of the transient
signal in the delay time range from hundreds of picoseconds to
nanoseconds. For the CNPS-NH, sample, this change is even
more pronounced, when even higher excitation fluences are
applied (see details in ESIL,T Fig. S19).

Pump fluence-dependent transient signal decay kinetics in
PCN powders and colloids were previously observed in TRPL
and TAS studies.?”*>°® The TAS decay shapes reported in those
works exhibit dependencies very similar to the one shown in
Fig. 10, while the TRPL decay shapes are virtually unaffected by
variations of the pump fluence. We will discuss these findings
in more detail below. Here, based on the global analysis and
kinetic modelling of the diffuse reflectance spectra, the excited
state population time constants in the PCN thin films were
used to determine the origin of the pump-pulse-fluence-
induced changes to the population dynamics. The corres-
ponding time constants, 7., for the sg-CN, CNB, CNPS-O
and CNPS-NH, samples, as obtained using eqn (4), are sum-
marised in ESIt (Table S2). Based on those results, it can be
concluded that following 400 nm excitation, the early-time
dynamics associated with the ES1, ES2 and ES3 states do not

Table 6 Kinetic parameters obtained from global fits to the transient diffuse reflectance spectra recorded with a pump pulse fluence of 420 + 50 pJ
cm™2. Decay time constants are presented for the ES1, ES2, ES3, and ES4 states for the PCN thin films following 400 nm excitation at the surface-bulk

interface

Sample T4/fs T,/fs 73/ps T4/108 T5/ps T6/NS Opump/fs Oprobelfs
sg-CN 2007 08777, 2.8776;8%, 2.7%5% 503 5.0'%5% 65+ 3 80+ 5
CNB 10225, 0392%, 1.371%3% 2,748 40" 5.0%7% 67+ 5 82+ 6
CNPS-0O 103, 156079 2.88'%% 2.3 434 3.6%% 65+5 84 +5
CNPS-NH, 10173 2660732 5.35755% 2.6"%7% 40" 3.83% 64+ 6 82 4 7
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depend on the pump fluence. The associated reproducibility of
the decay time constants over the implemented pump fluence
range (within the error bars) confirms the reliability of the
kinetic model used to describe the transient population of
the excited electronic states in the PCN thin films. In contrast
to the short lifetime population dynamics, the long lifetime
population kinetics are found to be excitation-fluence depen-
dent. In particular, the transition from the ES4 state to the GS
state occurs faster at the higher excitation fluences. The decay
time constant 74, which is appended to the relaxation channel
from the ES3 (CT) state to the ES4 (SE) state, becomes shorter
with increasing pump fluence. At the same time, the ES3 — X*
transition, which occurs on a similar timescale, is lengthened.
Thus, there is a competition between the two relaxation chan-
nels of the ES3 state. Note that the current delay-time limit of
the TAS setup (1.8 ns) does not allow an exact determination of
the time constants 7, and 7¢; the reported values therefore only
correspond to the numerical result obtained from the fit. By
increasing the delay time span in the TAS experiments to the
ms range, a more reliable investigation of those long-lived
decay components should be possible. However, as discussed
below, one will then have to take into account the mentioned
diffusive nature of excited species, leading to power-law type
decays in the respective kinetic models.

4 Discussion
4.1 Ground state energetics of PCN and TEOA

The values obtained for the VBM position of the PCN thin films
and TEOA solute from the steady-state EUV photoemission
spectra were used to determine the VBM potentials with respect
to the standard redox potentials of water. The determination of
the band-edge potentials of the PCN thin films and the TEOA
sacrificial agent allows an estimation of the catalyst-sacrificial
agent interfacial energetics. Furthermore, it enables evaluation of
the maximum redox potentials of the photogenerated electron-
hole pairs in the photocatalyst, which plays a major role in driving
an efficient photocatalytic water-splitting reaction. Fig. 11 shows a
schematic diagram of the band-edge alignment of the PCN thin
films as well as TEOA solute within a semiconductor band
structure framework, as well as the redox electrochemical poten-
tials of the HER (H'/H,) and OER (O,/H,0). The energy scale is
presented relative to the electrochemical potential in a solution
containing a redox couple, equivalent to the Fermi level, Eg redox,
in eV, when Er in a solid sample and Eg reqox are in equilibrium.
The absolute potential of the electrochemical standard hydrogen
electrode (SHE) in water, EgHE(HVHZ)HZO, is equal to 4.44 +
0.02 eV at 298 K,”* relative to the electron in vacuum close to
the solution surface. This potential was set as zero of the energy
scale. In a photocatalytic water-splitting reaction, solid-state PCN
compounds are typically dispersed in an aqueous electrolyte
solution with a specifically chosen pH (for TEOAq pPH = 7.0).
Thus, the pH of the solution must also be taken into account at
the liquid-solid interface, as it can modify the redox potentials of
the electrolyte as well as the photocatalyst and shift the energy

This journal is © the Owner Societies 2023

View Article Online

PCCP

levels. In such systems the redox potentials are referenced against
the reversible hydrogen electrode (RHE), which changes with pH
with respect to the SHE as Exyg = Eqyp — 0.05916 eV x pH.”*

In this work, the VBM energy positions, Eygy, obtained for
the PCN thin films from the solid-state PES experiments and
presented as electron BEs relative to Er, were used to calculate
the electrochemical potential of the samples relative to the RHE
at pH 7.0. The calculated Eygy, values for the sg-CN, CNB, CNPS-
0, and CNPS-NH, thin films versus RHE are 1.56 + 0.37 €V,
1.66 & 0.34 eV, 2.24 £ 0.36 €V, and 1.26 £ 0.31 €V, respectively.
Taking into account the E, values, for the direct allowed electro-
nic transitions in the PCN thin films, as determined from the
Tauc plots (see Section 3.3), the CBM energy positions, Ecpwm,
for the solid samples versus RHE are estimated to be —1.32 +
0.39 eV, —1.29 + 0.37 eV, —0.82 £ 0.37 eV, and —1.87 £ 0.33 eV,
respectively. The associated E, values and the Eypy energetic
positions relative to the Er are summarised in Table 7.

As can be seen from Fig. 11, for all four PCN samples, the
thermodynamic condition for driving a single-step, overall water-
splitting reaction is satisfied for both the HER and OER.
Specifically, the mesoporous, sg-CN, and bulk, CNB, polymeric
carbon nitride samples with the moderate E, values of 2.88 eV
and 2.95 eV, respectively, both possess a sufficiently large
thermodynamic driving force for H, (0.91 eV for sg-CN and
0.88 eV for CNB) and O, (0.74 eV for sg-CN and 0.84 eV for
CNB) evolution. The electronic band structure of the porous
oxygen-rich carbon nitride nanosheets, CNPS-O, suggests that
the presence of oxygen-containing group provides a stronger
driving force for the OER (1.42 eV versus O,/H,0) and a weaker
one for the HER (0.41 eV versus H'/H,). The potential of the CBM
of the amino functional group, atomically-thin porous carbon
nitride nanosheets, CNPS-NH,, is notably higher than those of
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Fig. 11 Schematic of the band-edge alignment of the PCN thin films as
compared to the TEOA solute within a semiconductor band structure
framework. The respective water redox potentials (blue dashed lines) are
also shown. The energy scale is presented relative to the electrochemical
potential versus the RHE, equivalent to Ef eqox. The obtained Eygm, Ecam
and Eg values, depicted in the figure, are summarised in Table 7.
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Table 7 The Eg values and the Eygm and Ecgm energetic positions relative to Ef, used to determine the Eygm and Ecgm values versus RHE for the

PCN thin films

Sample EzleV Eypm vs. Ex/eV Ecpm VS. Ep/eV Eypm VS. RHE/eV Ecgm vS. RHE/eV
sg-CN 2.88 £ 0.02 1.98 £+ 0.35 —0.90 + 0.37 1.56 £ 0.37 —1.32 £ 0.39
CNB 2.95 4+ 0.03 2.08 + 0.32 —0.87 £ 0.35 1.66 + 0.34 —1.29 + 0.37
CNPS-O 3.06 £ 0.01 2.65 + 0.34 —0.41 £+ 0.35 2.24 + 0.36 —0.82 £+ 0.37
CNPS-NH,, 3.13 £ 0.02 1.68 £ 0.29 —1.45 £+ 0.31 1.26 £+ 0.31 —1.87 £ 0.33

the other samples (1.46 eV versus H'/H,), which can provide a
relatively large thermodynamic driving force for the HER.

Considering the TEOA VBM measurements, our LJ-PES data
suggests, in contrast to the reported irreversible oxidation
potential obtained from voltammetry studies,>”>° that TEOA
will be an ineffective sacrificial agent in PCN-driven HER.
However, to fully address this issue, it is important to note
that although these two quantities typically exhibit a linear
relationship, they are by no means identical, especially for thin-
film samples in an electrolyte.”

Specifically for the LJ-PES experiments, several assumptions
have been made: (1) a semiconductor electronic structure
model has been applied to a molecular solute, (2) the TEOA
solute has a negligible effect on the electronic structure of the
H,O solvent, and (3) the threshold ionisation energy of aqueous
TEOA is equivalent to its VBM, disregarding the reorganisation
energy of the TEOA molecule after photoionization (or oxidation).
The latter may lead to a considerable overestimation of the
oxidation potential.”®

Likewise, the accuracy of voltammetric studies is limited by
various influences, such as scanning speed and appropriate
choice of electrodes. Microscopic effects due to (de)protonation,
decomposition or parasitic chemical reactions of the oxidised
product, as well as diffusion in the Nernst layer can lead to an
underestimation of the oxidation potentials.””

Thus, further experiments that probe the true PCN-TEOA(,q)
interface would be required to resolve the true VBM alignment
of aqueous TEOA with respect to different PCN materials.
Furthermore, in the case of associated PES measurements,
more robust energy-referencing methodologies would be
needed to allow arbitrary solution BEs to be determined with
respect to the Fermi level.*®”®

4.2 Excited state dynamics of PCN

Having established a favourable (static) energetic situation for
photocatalytic reaction, we will now discuss some details of the
kinetic processes that occur upon photoexcitation. These chemical
kinetics turn out to be decisive for the performance of catalytic
devices in general. For a photocatalytic device specifically, those
kinetics are determined by the photoexcitation process and the
subsequent steps: charge separation, thermalisation, and trans-
port. While it is crucial to avoid undesirable pathways throughout
the whole chain, an efficient device may be inviable if substantial
losses occur already within the early-time dynamics. This work,
therefore, focuses on a better understanding of the ultrafast
dynamics, encompassing the charge separation and thermalisa-
tion processes.

27108 | Phys. Chem. Chem. Phys., 2023, 25, 27094-27113

Previous studies utilised a range of excitation wavelengths
between 355 nm and 400 nm, thus presumably addressing the
above-mentioned © — 7* transition around 3.2 eV.*"*%% In all
cases, it was concluded that a CT state emerges after ~200 fs,
alongside an SE state, to which the PL signals were assigned.
Therein, the charge-separation efficiency was estimated to be
between 5% and 65%, with a tendency towards higher values
with larger photon energy.*"®® In the present work, TRPES
shows evidence for a more complex situation, involving an
intermediate state, which only gradually evolves into the SE and
CT states. The BE of the resulting state suggests that significant
charge separation persists on a ps timescale and potentially
that hole-separated electrons are generated with a broad range
of BEs. According to the TAS results, the charge-separation
efficiency can be calculated as k,/(k, + k3). The results range
between 65 & 11% and 78 & 11%, with the higher values being
found for the bulk CN materials. Although the confidence
intervals on these numbers only allow us to make a rough
estimate, we can conclude that the signals observed in the
TRPES data for delay times >1 ps are most likely dominated by
the CT state.

We find that the kinetic parameters observed in TRPES
and TAS experiments are in overall good agreement. Slight
differences, insofar as they may be considered significant, may
be due to the generally worse temporal resolution of the TAS
experiment. It is also currently unclear, how the difference
between the surface- and bulk-sensitive techniques will affect
the observations. Near-surface excited species, e.g. surface
excitons or polarons, have a more two-dimensional character
than their bulk counterparts. Correspondingly, they may exhibit
different kinetic behaviours.”” Additional effects, like ultrafast
migration of excitation from the surface into the bulk, while not
to be ruled out, are unlikely on the scale of several nanometers
within the sub-picosecond range. As discussed below, such
motion is rather expected on timescales in the nanosecond range.

Apart from that, it is noteworthy that the additional visible
absorption band in sg-CN does not have an obvious impact on
either the TRPES or TAS results. This may be due to the higher
excitation photon energy utilised in this work, resulting in
inefficient excitation of the states associated with this particu-
lar absorption feature. However, it also indicates that the states
involved in this lower-energy transition do not act as dominant
traps within the temporal window observed here.

Closely related to the question of charge-separation efficiency
is the peculiar excitation-fluence dependence of the TAS and
TRPL signals reported here and in previous works.””?%3133:98 [
all of these studies, the TRPL decay shapes are found to be
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independent of the applied pump fluence, while in bulk CN, the
TAS decays exhibit a speed-up with higher applied pump inten-
sities. In contrast, Zhang et al. observed no such dependence
for either TRPL or TAS signals in exfoliated CN colloids.>' Our
present fit results to the TAS data indicate that the initial charge-
separation process, occurring on up to few picosecond time-
scales, are largely unaffected by the excitation fluence. Substan-
tial differences only occur on time ranges starting around 100 ps,
which is when charges begin to migrate through the bulk of the
CN material. This supports the interpretation that the initial
excitation process is mainly localised at the heptazine motif, not
involving band-like delocalisation. Increased bulk concentra-
tions of the excited species can therefore only lead to changes
in the decay kinetics on longer timescales, which is when
transport processes become dominant.

Merschjann et al. found that for delay times exceeding about
1 ns, the TRPL decay is well described by a power law relation of
the form I oc ¢7%, with a = 3/2, independent of the applied
variation of excitation fluence, which was tuned by a factor of
300 (0.73-220 pJ ecm 2).>” Due to the independence on pump
fluence and the characteristic decay exponent, these authors
ascribed the TRPL signals to a geminate recombination of
separated charges, whose diffusive motion is weakly confined
in a one-dimensional system. Since the waiting-time of the
elemental steps of this diffusive transport scales exponentially
with the stacking distance of the graphitic CN sheets, it was
concluded that the transport proceeds mainly along the vertical
direction of the CN structure.”” The TRPL experimental find-
ings were confirmed by Godin et al., who additionally showed
that TAS signals could also be well described by a power law in
the time range from nanoseconds to seconds.®® In contrast to
TRPL, the TAS decays exhibit an increasing exponent 0.11 <
@ < 0.20 for increasing excitation fluence (24-784 pJ cm™?),
which is not commensurate with the TRPL decay exponent.
This behaviour was attributed to electron trapping-detrapping
processes within an exponential conduction-band tail, where
higher excitation fluence leads to a larger filling of the exponential
density of states.®”®" This in turn should result in an altered ageing
of the diffusion process, showing the characteristic change of the
power-law exponent.*> Consequently, suppressing spatial charge
transport by exfoliating CN sheets, thus confining carriers within
single- or oligo-layered colloids, leads to faster recombination and
also lifts the concentration dependence of the decay curves.*®®
However, we note that so far, none of the above-mentioned models
can fully explain the observed phenomena, especially the apparent
distinction between emitting and non-emitting species, exhibiting
different temporal behaviour. Further time-resolved experiments,
as well as more sophisticated theoretical models are correspond-
ingly needed to explain those peculiarities.

Finally, based on the assumption that the initial dynamics
are predominantly localised on the heptazine motifs, we
attempt to assign the early-time PES state-associated spectra
to specific heptazine photoexcited states. Although we are not
aware of experimental PES results for molecular heptazine,
detailed reports on the valence excited and ionic states of
molecular triazine exist, including assignments of associated

This journal is © the Owner Societies 2023

View Article Online

PCCP
electronic and vibrational state characters.®®** Recent theore-
tical works by Ehrmaier et al. confirm these experimental
results and suggest that the nature and symmetry of those
states and transitions are by and large analogous in triazine
and heptazine, although the over-all energetics of the latter are
shifted to lower values due to the more extended aromatic
system.®?%8%8¢ Adopting the nomenclature of Ehrmaier,* the
photocycle from Fig. 7 may be described as follows: photons of
3.1 eV energy resonantly photoexcite the ground state, GS (A}, So),
of a heptazine PCN sub-unit to reach the optically-bright ES1 state
(*E/, S,).° This state (S,) is expected to undergo an ultrafast
radiationless relaxation into ES2 ('A), S,*), which should be
optically dark and would be populated with a high degree of
vibrational excitation.®® From here, the substantial vibrational
excess energy (up to ~1 eV) opens two possible relaxation paths
to ES3, both of which occur on a sub-picosecond timescale.
The system will then undergo intra-state vibrational relaxation
(IVR) toward the vibrationally-cold S; state (corresponding to the
SE state, ES4, in Fig. 9). Furthermore, Ehrmaier et al. suggest that a
transition can occur towards a CT state, in their case between
molecular heptazine and a water molecule.®® We speculate that a
similar relaxation path is open between neighbouring heptazine
motifs in the polymeric materials, thus leading to the population of
the CT state, ES3, in the TAS photocycle shown in Fig. 9. Regardless
of whether IVR, CT, or a combination of the two relaxation
processes occur, the resulting states are expected to have lifetimes
well in excess of a few picoseconds, since they will exhibit minimal
electric-dipole coupling to the S, ground state. Such a mechanism
could be assessed, and further details about the initial stages of the
heptazine and PCN photocycles could be investigated, via addi-
tional calculations that utilise the techniques applied by Ehrmaier
et al., albeit with a focus on the electronic structure and excited-
state dynamics in PCN supercells.

As for the expected PES spectral signatures of the different
excited states mentioned above, we consider the triazine mole-
cular system and project the associated conclusions onto the
heptazine molecule and PCN material systems considered here.
In the specific case of triazine, photoexcitation and ionization
is expected to lead to the following states and energetics.®*%*
The optically bright 'A] — "E’ transition at 7.65 eV can be
related to the 1e”
associated excited state will Koopmans correlate with the first
excited state of the triazine cation,®”®® (1e”) ™" or Dy, which has
an electron binding energy of 11.69 eV with respect to vacuum,
resulting in an expected excited-state binding energy of 11.79-
7.65 €V = 4.04 eV, with respect to the vacuum level.** Upon
internal conversion from this excited state to the vibrationally
excited S; state, a (6e’)”" (2€”)" configuration is produced in
comparison to the ground state. This state correlates with the
ground state of the cation, (6e')”" or Dy, with a binding energy
of 10.01 eV with respect to vacuum.** Following vibrational
relaxation, this state is then expected to result in an approx-
imate excited-state binding energy of 10.01-3.70 eV = 6.31 eV,**
i.e., a more than 2 eV increase in binding energy following
ultrafast internal conversion from the optically-bright state and
subsequent IVR. If the analogy between triazine and heptazine

— 2e"” molecular orbital transition. The
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holds, one can expect this situation to be mapped onto the PCN
case, albeit with different absolute energetics. That is, a similar
optically bright 'A| — "E’ transition pervades in the heptazine
and PCN cases to populate the S, state, ES1, in this case with
lower peak absorption energies of around 4.4 eV.* Like in the
triazine case - and generally for higher-lying, singly-excited
states of molecular systems - the heptazine and PCN S, states
will correlate with electronically-excited ionized states, which
are here expected to produce low-binding-energy electrons,
as observed in the ES1 state-associated spectra. Following the
generally expected ultrafast internal conversion from the elec-
tronically excited singlet state (S4) to vibrationally-excited levels
of $,,%°° ES2 is formed and the related PCN state-associated-
spectra exhibit a binding energy reduction of ~1 eV, which
together with the extracted time-constants are indicative of
an electronic state switch. Generally, as vibrationally excited
molecular excited states undergo IVR, associated excited-state
electron binding energies are expected to increase. This is indeed
observed: as the system relaxes from vibrationally-excited levels of
Sy, in going from ES2 to ES3, a further electron-binding-energy
reduction of x~1 eV is discerned in the PCN state-associated
spectra. A similar, albeit energetically offset, relaxation process
as in the triazine case correspondingly seems to pervade in
the PCN materials. We finally note that PES and particularly
femtosecond-time-resolved PES measurements on molecular
and solid heptazine samples would be particularly helpful in
confirming such considerations, and more importantly in the
development of a deeper understanding of the ionization
mechanisms, early-time excited-state behaviours, and photocata-
lytic properties of PCN materials.

5 Conclusions

In summary, we have shown that TRPES is a promising tool
to reveal the ultrafast kinetics of organic, solid-state photo-
catalysts. Here, we utilised the complementary combination of
photoemission and optical absorption spectroscopy to investi-
gate the electronic structure and charge-mobility dynamics of
various kinds of polymeric carbon nitrides (PCN). Steady-state
PES and UV-Vis absorption spectroscopy results were used to
construct a band diagram for the four studied PCN systems:
sg-CN; CNB, CNPS-O, and CNPS-NH,. The results highlight
the energetic driving forces for water-splitting processes at
aqueous-PCN interfaces. Relatively, they also indicate that a
significantly higher overpotential is achieved for the HER by the
CNPS-NH, sample, which is one of the favourable ingredients
in its superior performance as a water-splitting catalyst. Beyond
that, liquid-jet PES experiments on aqueous triethanolamine
(TEOA) solutions revealed the photoemission peaks associated
with the valence states of the TEOA solute. These results
suggest that TEOA will be an ineffective hole-scavenger when
incorporated in PCN-based devices. However, to confirm this,
technically challenging in-situ TRPES experiments on solid-
liquid interfaces, involving TEOA sacrificial agents, would need
to be performed.**?
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The fs-time-resolved spectroscopy results show that 400 nm
(3.1 eV) excitation sequentially populates a pair of short-lived
transient species. Considerations of the molecular triazine PES
and triazine and heptazine electronic structure literature sug-
gest that these states respectively correspond to the optically-
bright fourth-excited-singlet state and vibrationally excited
first-excited singlet state of heptazine motifs within the overall
PCN structures.®**%78¢ These states subsequently produce two
different long-lived excited states on a sub-picosecond time
scale, which were identified as singlet-exciton (SE) and charge-
transfer (CT) states, with the associated charge-separation
efficiencies inferred to be between 65% and 78% for the
different studied materials. It was determined that the early-
time processes in the differently synthesized PCNs do not differ
qualitatively between sample batches. However, the materials of
more voluminous character were found to have higher charge
separation efficiencies, compared to exfoliated colloidal materials.
Pump-fluence-dependent measurements of the initial excited-state
decay kinetics corroborated this finding and reproduced the char-
acteristic high-carrier-concentration effects that are known to
emerge beyond few-picosecond timescales. The initial dynamics
of the photoinduced charge carriers in the PCNs are correspond-
ingly determined to be spatially localised in the immediate vicinity
of the lattice-constituting motif, while the long-time behaviour is
dominated by charge-transport and recombination processes. Cor-
respondingly, it is concluded that recombination effects could be
mitigated by confining the excited species within nanoscale
volumes and that such an approach should therefore increase
the effectiveness of PCN materials in photocatalytic devices.

Generally, the results reported here allowed us to garner a
broader perspective of the electronic energetics, charge-carrier
dynamics, and driving forces behind potential water-splitting
devices, built around PCN materials. Further insights may be
obtained using state-of-the-art, higher-repetition-rate and average
power EUV light sources together with the TRPES technique.”*™”
Such an approach could significantly improve experimental
signal-to-noise levels and allow PCN vacuum-solid interface ener-
getics to be probed on both the ultrafast and longer timescales
encompassed by photocatalytic cycles. Furthermore, high-time-
resolution, in situ solid-liquid interface probes - as potentially
afforded by diffuse-reflection TAS, time-resolved sum-frequency
generation spectroscopy,”® ' or high-time-resolution variants of
solid-liquid interface TRPES - have the potential to extract
dynamic electronic energetic information from functioning inter-
faces within heterogeneous catalytic systems."** Such experiments
promise to yield critical insights into the optimisation of PCN-
based, and alternative, water-splitting devices. We hope that the
insights accumulated through the time- and energy-resolved,
interfacially-sensitive experiments reported here can go some
way to motivate such important further work.
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