
units, composed of C and N atoms in ring structures. 17 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.1

Despite the advantages described above, the e�ciency of PCN
is limited by poor visible-light-harvesting capacity, typically small
specific and morphology-dependent surface area (r10 m2 g�1),18

moderately low quantum yield associated with rapid carrier
recombination, and ine�cient tr ansport of the photogenerated
charge carriers.19…21Attempts to improve this situation include
structural and chemical modificat ions, as well as construction of
PCN-based heterojunctions and dye sensitisation.22…25Despite
this, the origin of the photocatalytic activity of PCN, and in
particular the dynamics of photoge nerated 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.22 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.26 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. 27 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. 27…29This is especially true for heptazine-based
materials like melon, 28 while it seems to be less pronounced for
triazine-based networks.30 Spectroscopic results indicate that low-
energy (t3.5 eV) excitations result in both localised (excitonic) and
charge-separation states in varying proportions. 29,31 Depending on
the photon energy of excitation l ight, 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,

the former questions imply that there are drastic qualitative
di�erences between di�erent 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).27,31…33Both 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.32,34 However, the obtained results allowed
for the development of various micr oscopic 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.22,27 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 di�erent morphologies,
as described below. The PES technique gives direct access to
electron binding energies (BEs) of the ground electronic states
of the investigated samples.35 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 e�ects of any static or
dynamic sample surface potential on the detected electrons.
The interpretation of (TR)PES spectra is therefore often not
trivial; 35…37more 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.38 In femtosecond TRPES experiments, this leads to
the alleviation of the light-pulse-temporal-broadening e�ects
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 a�orded by the EUV (TR)PES probe to
the literature and current state of the art, femtosecond di�use-
reflectance TAS measurements have been performed on the
same samples that were investigated in the TRPES experiments.

Since there are numerous PCNs with di�erent 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, 39,40 as opposed to the idealised, fully con-
densed 2D structure of ••g-C3N4••.

41 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.42 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.43,44 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.45

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.46 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.47,48

2 Experimental methods
2.1 Sample preparation

In the present work, four di�erent 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.42 The sample
used in the present study is from the same batch as the
material used by Indra et al.34 A second batch of three PCN
powders was synthesised and provided by the group of Prof. Bin
Zhang from the Tianjin University. 45 Here, the base ••bulk••
material (CNB) was synthesised by thermal polymerisation of
melamine at 520 1C. From this sample, two exfoliated PCN
species with di�erent 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…NH2) were synthesised using the same procedure as
CNPS…O, with ammonia (NH3) treatment subsequently imple-
mented to further exfoliate and form …NH2 groups on the

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,18,45 both sol…gel synth-
esis and exfoliation strategies yield high specific surface areas,
SBET, above 100 m2 g�1, as determined by the Brunauer…
Emmett…Teller (BET) method.34,42,45 This is also reflected in
the drastically decreasing bulk density, r B, of the materials.
Sheet thicknesses,dsheet, as determined by atomic-force micro-
scopy, tend towards the single-layer regime in CNPS…NH2, 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.39

For each PCN sample, 10 mg of the respective powder was
dispersed in 5 ml of distilled water (18 M O cm), followed by a
sonication treatment at 35 kHz for two hours to obtain disper-
sions with a concentration of 2 mg ml �1. 2.2 mm thick, 1 � 1 cm2

surface area transparent low-iron sodalime-silica glass substrates
with an electrically conductive fluorine-doped tin oxide (FTO)
coating (7 O sq�1, Solaronix S.A.) were implemented in the
measurements. These substrateswere sequentially sonicated for
15 minutes in isopropanol and hot distilled water (70 1C). The
PCN films were deposited onto the pre-cleaned FTO substrates by
drop-casting 20 ml 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.† Room temperature UV-Vis di�use 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 (Z99% purity, Carl Roth) in Milli-
Q water (18.2 MO cm resistivity at 25 1C). Sodium chloride
(50 mM) was admixed to this solution in order to suppress the
e�ects of extrinsic potentials, such as the liquid-jet streaming
potential and ionisation-induced sample charging, in the PES
experiments.48

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

Table 1 Selected properties of the PCN samples investigated in this work.
Data were taken from the indicated references. Film thicknesses, dfilm,
were determined from cross-sectional SEM images (see Fig. S1, ESI), and
represent average values

Sample SBET/m
2 g�1 r B/g cm�3 dsheet/nm dfilm /mm

sg-CN34,42 140 „ 5 11.5
CNB45 8 0.544 16 1.8
CNPS…O45 48 0.134 10 2.8
CNPS…NH2

45 195 0.012 0.4 1.3
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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 setupvia 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. 52

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,EF (see Section 4 of the ESI†). 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

f ðEÞ ¼
P
i

Ai

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 lnð2Þ
pwi

2

r
exp �4 lnð2Þ E � Eið Þ2

wi
2

 !
; (1)

where E is the electron BE, wi is the full-width at half-maximum
(FWHM) of feature i, Ei is the central peak position, and Ai 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 eV, 7.66 eV peak centres, respectively, with only the widths
and amplitudes varying between the samples. The bands arising at
BEs410 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…NH2 sample is similar
to the bare FTO-coated substrate (see Fig. S3, ESI†), although the
CNPS…NH2 higher-BE spectral features are significantly more
intense. At low BEs, the underlying photoemission signal from

the FTO substrate notably interferes with the analysis of the low-
signal-level CNPS…NH2 data. Thus, the widths and amplitudes of
emission peaks 1…3 are larger for the CNPS…NH2 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.

Fig. 3 Steady-state EUV photoemission spectra of the sg-CN, CNB,
CNPS…O, and CNPS…NH2 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.

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…NH2 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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R. Arrigo, M. Hävecker and R. Schlo¨ gl, J. Electron. Spec-
trosc., 2017, 221, 10…17.

92 M. Favaro, P. C. Clark, M. J. Sear, M. Johansson, S. Maehl,
R. van de Krol and D. E. Starr,Surf. Sci., 2021,713, 121903.
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