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Dark photocatalysis is the ability of a photocatalyst to accumulate photocarriers during light irradiation
and consume them for redox reactions under dark conditions. This phenomenon of photocatalysts
storing photocarriers is known as charge accumulation. Dark photocatalysts can mitigate fluctuations in
photocatalytic reaction efficiency in response to fluctuating solar irradiation. Potassium poly(heptazine
imide) (K-PHI) has attracted considerable attention due to its high photocatalytic efficiency and ability to
undergo dark photocatalysis. However, the detailed mechanism of charge accumulation in K-PHI
remains unclear because photochromism, potassium ion desorption, and charge accumulation occur
simultaneously triggered by light
mechanism. To elucidate the charge accumulation mechanism in K-PHI, highly oriented K-PHI thin films
were prepared. Then, their fundamental physical properties and optical response of their electrical
properties were investigated. We succeeded in separately observing photochromism, potassium ion
desorption, and charge accumulation induced by light irradiation on K-PHI and proposed a
comprehensive model to explain these phenomena. This study not only provides insights into the

irradiation, limiting the comprehensive understanding of this
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unique physical phenomena exhibited by K-PHI but also contributes to the development of solar
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Introduction

The realization of a low-carbon society has fueled the study on
various materials, such as photocatalysts, in recent years to
efficiently use renewable energy. Photocatalytic applications
have been widely explored, and efforts are being taken toward
their sustainability, particularly in photocatalytic water split-
ting for generating hydrogen or reducing carbon dioxide to
produce useful substances."™ However, these applications
require continuous light irradiation, and the photocatalytic
activity may be affected due to fluctuations in solar radiation
due to changes in weather conditions.”> Thus, photocatalytic
activity is restricted to only daytime, limiting the application of
renewable energy resources such as photovoltaics.® Such
unstable photocatalytic activities can hinder the application
of futuristic facilities, wherein atmospheric carbon dioxide will
be converted into fuel or water into hydrogen.””® This issue
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energy—storage materials in the future.

can be addressed using dark photocatalysis or via persistent
photocatalysis, which can be performed in the dark.>'® The
rapid decrease in photocatalytic conversion efficiencies due to
fluctuations in solar radiation can be moderated using dark
photocatalysts.

Dark photocatalysis is a phenomenon in which a photoca-
talyst accumulates charges under light irradiation and con-
sumes the accumulated charge under dark conditions to oxidize
or reduce targets. Transition metal oxide composites’®™® have
thus far been studied for dark photocatalysis; however,
poly(heptazine imide) (PHI), a carbon nitride polymeric com-
pound, was recently discovered to exhibit this property.'®™®
PHI has two advantages of being inexpensive to synthesize
because it does not contain transition metals and very easy to
use because it exhibits dark photocatalytic activity on its own
without the need to combine it with other materials.'*°
Typical dark photocatalysts are composed of a photocatalyst
and pseudo-capacitor.” Under light irradiation, photocarriers
generated in the photocatalyst by light absorption are trans-
ferred to the pseudo-capacitor bonded to it, causing charge
accumulation. These accumulated charges are then consumed,
leading to photocatalytic activity even under dark conditions.
In this sequence, the phenomenon of charge accumulation
plays an essential role in dark photocatalytic activity, and
besides accumulation in a pseudo-capacitor, in some cases it also

Phys. Chem. Chem. Phys., 2024, 26, 20585-20597 | 20585


https://orcid.org/0000-0003-2912-2848
https://orcid.org/0000-0002-1442-8230
https://orcid.org/0000-0002-0801-8884
https://orcid.org/0000-0002-3952-5491
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp02012j&domain=pdf&date_stamp=2024-07-22
https://doi.org/10.1039/d4cp02012j
https://doi.org/10.1039/d4cp02012j
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02012j
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026030

Open Access Article. Published on 09 July 2024. Downloaded on 1/13/2026 4:54:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

involves reduction of transition metals or charge accumulation in
defect levels. PHI shows photocatalytic activity in the dark and
does not require other materials to function as a pseudo-capacitor
or contain transition metals in its structure. PHI also contains
some amount of defects, similar to other carbon nitride materials;
however, retaining the charge trapped in defects for a long time is
difficult.>* Therefore, the mechanism known so far for dark
photocatalysts cannot be simply applied to the mechanism of PHI
dark photocatalytic activity. By elucidating the dark photocatalytic
activity of PHI and prolongation of charge accumulation time,
transition metal-free dark photocatalysts can be developed in the
future.

Several models have been proposed for understanding the
dark photocatalytic activity of PHI;***” however, all of them are
based on the conventional mechanism of dark photocatalytic
activity, and the role of PHI-specific phenomena such as
photochromism and desorption of potassium ions with light
irradiation has not been clarified. To understand the specific
dark photocatalytic activity of PHI, its physical properties
such as electronic structure and electrical properties must be
microscopically investigated as photochromism, potassium
ion desorption and charge accumulation are closely related.
However, the experimental techniques applicable to conven-
tional PHI powder samples are limited, making microscopic
investigation difficult. Herein, a method for fabricating K-PHI
thin films (Fig. 1) was proposed, and their physical properties
such as crystal, chemical, and electronic structures and elec-
trical properties were investigated. X-ray photoelectron spectro-
scopy (XPS) and ultraviolet photoelectron spectroscopy and
inverse photoemission spectroscopy (UPS/IPES) results have
revealed the fundamental properties of K-PHI, including the
number of water molecules in the channel of the K-PHI crystal,
electronic structure near the energy gap, ionization energy, and
electron affinity. The results of the electrical properties of K-PHI
revealed that it exhibits photochromism and K" desorbs from
its structure upon light irradiation. As the electrical conduction
of K-PHI is attributed to both ionic conduction by K and
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Fig. 1 Molecular structure of K-PHI.
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carrier conduction by electrons and holes, selectively observing
the charge accumulation phenomenon is difficult. However, we
successfully distinguished between the two properties using a
K-PHI thin film and observed charge accumulation in the
excited state. This result is consistent with that predicted from
our previously proposed charge accumulation model, i.e., the
shallow trap charge accumulation (STCA) model.*® We discuss
the STCA model that explains charge accumulation in K-PHI by
combining the results of the optical response of the basic
physical and electrical properties of K-PHI.

Experimental and theoretical
Materials

A single crystal of melem hydrate was obtained after melamine
calcination (5 g, purity: 99.0%, Wako Pure Chem., Ind., Ltd,
139-00945) in a tube furnace (KTF035N1/Koyo Thermo Systems
Co.) by increasing the temperature to 310 °C at 1 °C min,
followed by holding for 5 hours and then naturally cooling. The
resulting product was washed with N,N-dimethylformamide
(DMF) and acetone and dried at 150 °C for 24 h. The dried
sample was dissolved in dimethylsulfoxide (DMSO) to obtain
melem hydrate single crystals via vapor diffusion. Melon was
synthesized in the same way as melem in a tube furnace.
Melamine (3 g) was placed at the bottom of a quartz test tube
and calcined by increasing the temperature to 550 °C at
1 °C min~" and holding for 5 h, followed by decreasing the
temperature at 2 °C min~'. K-PHI was obtained by mixing
melon (0.3 g) and potassium thiocyanate (KSCN, 0.15 g, purity:
98.0%, Wako Pure Chem., Ind., Ltd, 164-04555) and calcining
them in a tube furnace by increasing the temperature at
30 °C min " and holding for 1 h, followed by further increasing
the temperature at 30 °C min~ ' and holding for 30 min; then,
the temperature was decreased at 2 °C min~".

Thin film fabrication

The as-synthesized melem hydrate single crystals were placed
in an aluminum crucible and evaporated onto an Au (300 nm)/
Si(100) substrate in an ultra-high vacuum (10~° Pa) to fabricate
a 30 nm thin film. K-PHI was dispersed in N-methyl-2-
pyrrolidone (NMP) and sonicated for 60 h for chemical clea-
vage. The resulting dispersion was separated in a centrifuge
overnight, and the supernatant liquid was considered as the
K-PHI nanosheet dispersion (Fig. S1(b), ESIT). To this, chloro-
benzene was mixed at a ratio of 60 vol%, and the nanosheet was
precipitated via centrifugation overnight. The resulting concen-
trated nanosheet liquid was dropped onto the substrate to
obtain the K-PHI thin film. Subsequently, UV-O; cleaning was
performed (UV253E; Filgen) for 30 min, and the cleaning
chamber was replaced with oxygen before cleaning. 3, 4, 9,
10-Perylenetetracarboxylic diimide (PTCDI, >95% Tokyo
Chemical Industry Co., Ltd P0984) film was fabricated by
30 nm deposition in an ultra-high vacuum in the same way
as melem film on the Au (300 nm)/Si(100) substrate.
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Measurement methods

X-ray diffraction (XRD) analysis was performed (Smart lab,
Rigaku), with Cu Ka (0.15496 nm) as the X-ray source. Trans-
mission electron microscopy (TEM) was performed using a
JEM-2100F (JEOL), with an acceleration voltage of 80 kV and
spherical aberration correction Cs = 0.5 mm, using Cu300 mesh
(EM Japan Co., Ltd U1015-F10) as the grid. XPS was performed
using JPS-9030 (JEOL), with monochromatized Al Ka (hv =
1486.6 V) as the X-ray source. UPS equipment was created in
the laboratory using SES200 (SCIENTA) as the analyzer, and He
I (hv = 21.22 eV) as the light source. IPES was similarly
performed on the same sample on PSP vacuum technology
equipment. The band-pass detector comprised a NaCl-coated
Canneltron behind a SrF2 window and detected photons at v =
9.3 eV. Pulse IV measurements were performed using source
measurement units (Keysight Technologies, B2912B). Electrical
impedance spectroscopy (EIS) was performed using an LCR
meter (Keysight Technologies, E4980A). All the measurements
were performed using a 4-probe system at room temperature
under atmospheric conditions. The pyZwx software was used to
obtain the impedance spectrum and fitted under appropriate
equivalent circuit assumptions.”® These electrical measure-
ments were performed on an Au (20 nm)/K-PHI/Au/Si device
structure where the top Au electrode had a diameter and
thickness of 0.1 mm and 20 nm, respectively.

Density functional theory calculations

The density of states (DOS) and partial DOS (PDOS) were
all obtained via density functional theory (DFT) simulations
(Materials Studio) performed using Dmol3 as the module, DNP
as the Dmol3 basis function, and SCAN, an m-GGA, as the
electron correlation approximation method.>***> The cutoff
radius of the orbitals was set to 10 A for all calculations, and
the number of k-point meshes was set to only I" points for the
‘Orbital’ calculation and 9 x 9 x 16 or 1296 points for the other
cases. The cutoff radius was determined from the change
in total energy, ionization energy, and electron affinity with
increasing cutoff radius from 2 A to 13 A.

Results and discussion
Structural and chemical state analysis of K-PHI

In this paper, before discussing the charge accumulation
phenomenon of K-PHI, the K-PHI thin films fabrication and
their basic properties are discussed in detail. The mechanism
of the charge accumulation of K-PHI is then discussed below,
based on the results of experiments using K-PHI thin films as
samples. K-PHI thin film was first synthesized, followed by its
nanosheets. Specifically, the synthesized K-PHI powder was
sonicated in NMP for 60 h and centrifuged. The obtained
supernatant liquid was dispersed with K-PHI nanosheets.

Fig. 2(a)-(c) show the high-resolution transmission electron
microscopy (HRTEM image) of the K-PHI nanosheet, magnified
image, and FFT image of the HRTEM image. The K-PHI nano-
sheet has a size of ~50 nm and with its ¢ axis perpendicular to
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Fig. 2 (a) and (b) High-resolution transmission electron microscopy
(HRTEM) images of K-PHI nanosheets and its magnified view. (c) Fast
Fourier transform (FFT) image of the HRTEM image. Yellow and red circles
are located 0.89 and 1.56 nm™%, respectively, from the center. (d) and (e)
TEM simulation based on the model structure of K-PHI and its FFT image.
The yellow and red circles correspond to those in (c). (f) Thin-film XRD
results of K-PHI thin films fabricated by depositing K-PHI nanosheets on
the Au substrate. The out-of-plane and in-plane results and the simulated
diffraction pattern are shown from top to bottom. The inset shows that the
K-PHI nanosheet is oriented perpendicular to the substrate.

the grid. Fig. 2(b) shows that white dots are periodically
arranged in the image, with their periodicity corresponding to
the yellow circled points labeled 100 at 0.89 nm™" in the FFT
image shown in Fig. 2(c). This indicates that the lattice points
are arranged three-fold symmetrically in the K-PHI nanosheet
with a spacing of 1.1 nm, which is equal to the distances
between the channels in the K-PHI structure and the symmetry
of their arrangement. Furthermore, the red circles labeled
110 at 1.56 nm ' show a three-fold symmetry, which are tilted
by 30° with respect to the yellow circles. This result is consistent
with a lattice constant of 0.64 nm in the PHI layer of K-PHI.
Fig. 2(d) and (e) show the simulated TEM and FFT images of K-
PHI, respectively. Fig. 2(d) shows a magnified view of the
simulated TEM image and the molecular structure of K-PHI.
The lattice of white dots corresponds to the arrangement of
channels present in the PHI layer of K-PHI. The simulated FFT
image (Fig. 2(e)) shows hexagonally aligned points, as in
Fig. 2(c), and their distances from the center are also consistent
with those in Fig. 2(e). These results indicate that the K-PHI
nanosheet retains periodically aligned channels and its struc-
ture is equivalent to that of the PHI layer of K-PHI. K-PHI thin
films were fabricated herein by depositing K-PHI nanosheets
on the Au substrate. The photographs and UV-vis spectra of the
fabricated K-PHI thin films are shown in Fig. S3 (ESIT). Fig. 2(f)
shows the XRD results of the as-prepared K-PHI thin film.

Phys. Chem. Chem. Phys., 2024, 26, 20585-20597 | 20587
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The out-of-plane and in-plane measurements and diffraction
pattern of K-PHI are shown from top to bottom in the same
figure. The in-plane measurements show peaks at 20 = 7.98°,
13.8°% 21.2°, and 27.9°. In particular, the d-spaces of the two
low-angle peaks are 1.1 and 0.64 nm, which are consistent with
the periodicity observed in Fig. 2(b) and (c). The XRD patterns
of the K-PHI thin film do not match those of the K-PHI powder
sample (Fig. S3(b) and (c), ESIT)."” The XRD profile of the K-PHI
thin film is well explained by the crystal structure model with
a=f=90°%7=120°a=h=12.78 A and ¢ = 3.20 A. Compared
with the simulated diffraction pattern, the in-plane measure-
ments show (100), (110), (210), and (001) peaks at low 20.
In particular, the (001) peak appears strongly in the out-of-
plane results, indicating in the K-PHI nanosheet being oriented
perpendicular to the substrate. Although K-PHI nanosheet
fabrication has been studied previously, its isolation and thin
film fabrication have not been investigated yet.>*?* Films
fabricated from nanosheets of titanium oxides or niobium
oxides are oriented perpendicular to the substrate;*>*° however,
the fabrication of oriented films from nanosheets of 2D-COF have
not been reported yet. Thus, to the best of our knowledge, this
study is the first to report such a method.

The upper panel of Fig. 3(a) shows the N 1s spectrum of the
K-PHI thin film and the lower panel shows the N 1s spectrum of
the melem film. The fitting analysis results and the observed
spectra are also shown; the assignments of the peaks used in
the analysis is based on Akaike et al’s study.’” Specifically,
three types of N 1s peaks can be observed: a nitrogen peak with
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a C-N=—C bond (peak N;), a nitrogen peak linking an amino
group or a heptazine ring (peak Nj;), and a nitrogen peak
attached to three carbons at the center of the heptazine ring
(peak Nj;). As K-PHI and melem have similar chemical struc-
tures, they have similar N peaks. The binding energies of N;, Nj;,
and Nj; peaks are almost equal, but their intensity ratios are
different. The N;:N;;:Nj; ratios for melem and K-PHI were
fitted to be 6:3:1 and 12:3:2, respectively, which agree well
with the observed data. These ratios are ideal values for each
sample, as shown by the molecular structures in Fig. 3(a),
indicating that melem and K-PHI thin films have fewer impu-
rities such as intermediate products. A more detailed examina-
tion of the binding energies of the peaks shows that the N; and
Nj;; peaks have shifted by ~0.1 eV between K-PHI and melem,
whereas the Nj; peak has shifted by ~0.4 eV. This chemical
shift was caused by a change in the chemical state of Nj; from
an amino group to an imide bond: the hydrogen bonded to the
nitrogen was replaced by carbon with higher electronegativity
and the nitrogen was slightly positively charged, resulting in a
chemical shift to the higher binding energy side. The Nj; peak
intensity of K-PHI was smaller than that of melem because
during K-PHI synthesis, the amino groups in melem underwent
a polymerization reaction that caused the desorption of ammo-
nia and a decrease in the number of Nj; peaks. In other words,
these changes in the Nj; peak indicate that K-PHI was produced
via the polymerization of melem. Fig. 3(b) and (c) show the O/N
and C/N values obtained from the analysis of the N 1s, C 1s,
and O 1s XPS spectra. The average matrix relative sensitivity
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(a) The upper panel shows the XPS N 1s spectrum of the K-PHI thin film, and the lower panel shows the XPS N 1s spectrum of melem. The open

circles are measured data, and the solid lines and filled peaks are the results of fitting analysis. The attribution of each peak resolved by fitting analysis is
shown in correspondence with the molecular structure, i.e., the color of each peak corresponds to the color of the circle surrounding the nitrogen atom
in the molecular structure. The ratio of each peak area obtained from the analysis is also shown. Details of the background subtraction and correction for
binding energy are described in Note 2 (ESIT). (b) and (c) Oxygen to nitrogen ratios and carbon to nitrogen ratios of K-PHI and melem obtained from the
quantitative analysis of XPS using the AMRSF method. Details of the quantitative analysis of XPS using the AMRSF method are given in Note 2 of the ESL.¥
Error bars in K-PHI are expanded uncertainties calculated with a coverage factor of k = 2 and have a confidence level of about 95%. (d) Model structure of
K-PHI deduced from the analysis results in (b) and (c) by considering the estimated number of atoms of each element per unit cell of K-PHI and the
calculated element ratios. All atoms in the molecular structure in (d) are shown according to the space-filling model with van der Waals radius.
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coefficients were used for elemental sensitivity correction based
on the international standards.*® The PTCDI-deposited film,
which contained carbon, nitrogen, and oxygen, was used as the
reference sample. The error bars are expanded uncertainties
based on standard uncertainties obtained from the measure-
ments of the five K-PHI thin films, with k = 2 as the inclusion
factor and a confidence level of ~95%. Quantitative analysis
and the related method are described in Note 2 in the ESIL.{ As
shown in Fig. 3(b), the C/N ratio of K-PHI is larger than that of
melem because the amount of nitrogen in the sample decreases
as the amino group is desorbed from melem during poly-
merization from melem to K-PHI. The C/N values of K-PHI
are consistent with the ideal values of K-PHI within the experi-
mental error. The XPS intensity ratios within the same and
between different elements show that the K-PHI thin film is
indeed a polymer with a heptazine ring as the building unit and
a theoretically predicted K-PHI structure. Lotsch et al. used
nuclear magnetic resonance (NMR) to identify the chemical
structure of K-PHI and this work firstly reports the identifi-
cation of chemical structure of K-PHI by quantitative analysis
of XPS results.’” As shown in Fig. 3(c), K-PHI has higher O/N
values than melem. The oxygen detected in melem is possibly
derived from water adhering to the sample surface; thus, K-PHI
can be assumed to contain water molecules in its channels that
are unique to the crystal structure with the heptazine-based
framework. In other words, the large O/N ratio of K-PHI is
presumed to be due to the water-derived oxygen in the channels
of K-PHI. This is because of the humidity dependence of the
ionic conductivity and the requirement of water molecules in
the channel for a reasonable interpretation of the XRD results
of K-PHL.""*° These water molecules were not directly observed
in the K-PHI. The C/N and O/N results are summarized in
Fig. 3(d). The number of carbon and oxygen atoms were
counted with respect to the number of nitrogen atoms, which
was calculated by multiplying the C/N and O/N values by the
number of nitrogen atoms. The K-PHI structure based on the
calculated number of atoms contained in the K-PHI structure is
shown on the left side of Fig. 3(d) using a space-filling model
with van der Waals (vdW) radii. Note that the channel contains
approximately five water molecules. The structure of K-PHI in
the left figure shows that the channel is almost entirely
occupied by these five water molecules and potassium ions.
Therefore, the average number of potassium ions in the chan-
nel of K-PHI is estimated to be at most one. Thus, the proposed
structural model from our previous research may have to be
corrected.*®*° Our previous report used a model where the
average number of potassium ions in the channel was three,
which is inconsistent with the results in Fig. 3 of this paper.
However, DFT simulations show that the energy gap was also
reduced when one potassium ion bound to the heptazine-based
framework in the K-PHI channel was desorbed due to light
irradiation (Fig. S7(c), ESIT). This indicates that K-PHI exhibits
photochromism associated with potassium ion desorption even
if each channel contains only one potassium ion on average.
To summarize the discussion in this section, the K-PHI
nanosheet is a polymer with a heptazine-based framework
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and each channel of the PHI layer contains, on average, five
water molecules and one potassium ion. This result is the first
clear indication of the number of water molecules and potas-
sium ions in the K-PHI channels, which remains unclear for
powdery K-PHI.

Electronic structure of K-PHI

Fig. 4(a) shows the UPS/IPES spectra of the K-PHI and melem
films. The K-PHI thin film was cleaned with UV-O; for 30 min
to remove any surface contamination. The effect of cleaning
is discussed in Fig. S2 and S6 (ESIt); however, the K-PHI
nanosheet was not damaged during the process. As shown in
Fig. 4(a), the blue data denote the observed UPS/IPES spectra,
the black solid lines denote the smoothed raw data, and the
horizontal axis shows the binding energy measured from the
vacuum level. The solid red lines show the spectra with a
magnified view near the energy gap, where Iy, Ay, and Eg are
the ionization energy, electron affinity threshold and energy
gap, respectively. Here, I;, and Ay, are determined by the cross
points between a baseline and a tangent at the inflection points
of the first peaks in the UPS and IPES spectra, respectively.
E, can be calculated based on the energy difference between Iy,
and Ag,. The gray hatch-filled spectra denote the DOS obtained
from DFT simulations, and the solid and dotted black lines in
the hatch represent the N 2p and C 2p PDOS. The structural
model determined from the results in Fig. 1 and 2 was used for
DFT calculations (Note 3, ESIt). A notable difference in the size
of the energy gap is observed in the spectra of K-PHI and
melem: the energy gap of K-PHI is ~ 1.5 eV smaller than that of
melem because of the polymerized structure of K-PHI with
melem as the building unit. This observation is consistent with
that of Fig. 2. Moreover, the I, values of K-PHI and melem were
not considerably different, but the Ay, of K-PHI was consider-
ably smaller than that of melem. To illustrate the changes in
ionization energy and electron affinity, Fig. 4(b) shows the
energy diagrams for melem, melon, and K-PHI. The left axis
represents the binding energy measured from the vacuum level,
whereas the numbers in the figure represent Iy, and Ag,. The Iy,
and Ag, of melon were cited from a previous study.?” The reason
for comparing melem, melon and K-PHI here is that these
compounds have in common that they are based on the
heptazine ring, which makes it easy to compare the differences
in electronic structure due to the degree of polymerization.
Fig. 4(b) shows that the energy gap decreases in the order of
melem, melon, and K-PHI. For melon and K-PHI, the redox
levels of water are located within the energy gap. Moreover,
melon and K-PHI exhibit photocatalytic activity in visible light,
which corresponds with the results reported herein.'®'”*!
The Iy, and Ay, values of melem, melon, and K-PHI are shown
in Fig. 4(b). The difference in the I, and Ay, values of these
materials are at most ~0.2 and ~1.4 eV, respectively. The
PDOS in Fig. 4(a) shows that in both K-PHI and melem, a
conduction band is formed by almost equal contributions from
nitrogen and carbon, whereas a valence band is formed almost
exclusively by nitrogen. This suggests that the wave function of
the conduction band is delocalized over the molecule or the
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energy measured from the vacuum level. The blue lines show the raw data, the solid black lines show the smoothed spectra of the raw data, and the solid
red lines are magnified spectra near the energy gap. /i Aw. and Eg represent the ionization energy, electron affinity, and energy gap, respectively. The
gray filled spectra show the density of states (DOS) obtained via DFT calculations. The solid black and dotted black lines in the gray region represent the
N 2p and C 2p derived partial DOS, respectively. (b) Energy diagrams with Iy, and Ay, for melem, melon, and K-PHI. The left axis shows the binding energy
measured from the vacuum level. The dotted lines indicate the redox levels of water. (c) Wave functions of HOMO-1, HOMO, LUMO, and LUMO+1
for melem and the wave functions of the highest energy band VBM, the second highest energy band VBM—1 in the valence band, the lowest energy
band CBM and the second lowest energy band CBM+1 in the conduction band of K-PHI, where the red and green lobes represent the positive and
negative signs of the wave functions. VBM and CBM are the valence band maximum and conduction band minimum, respectively. The nitrogen, carbon,

hydrogen, and potassium ions are represented by blue, gray, white, and purple spheres, respectively.

polymeric framework, whereas that of the valence band is
localized to nitrogen. Fig. 4(c) shows the wave functions of
the highest occupied molecular orbital (HOMO), HOMO—1, the
lowest unoccupied molecular orbital (LUMO), and LUMO+1 of
melem and the wave functions of the highest energy band
(valence band maximum (VBM)), the second highest energy
band (VBM—1) in the valence band, the lowest energy band
(conduction band maximum (CBM)), and the second lowest
energy band (CBM+1) in the conduction band of K-PHI. The
LUMO and LUMO-1 of melem are delocalized over the hepta-
zine ring via a m-bond between nitrogen and carbon. In con-
trast, the wave functions of HOMO—1 and HOMO are localized
to nitrogen, indicating that these orbitals are formed by the
lone pairs of nitrogen. These features can also be observed in K-
PHI with the same heptazine structure as a building unit. Thus,

20590 | Phys. Chem. Chem. Phys., 2024, 26, 20585-20597

when melem polymerizes to form K-PHI, the wave function of
the valence band of K-PHI remains localized to the lone pair of
nitrogen. On the other hand, the LUMO of melem becomes
delocalized and a conduction band of K-PHI is formed. Thus,
the ionization energy of K-PHI is almost similar to that of
melem and only its electron affinity increases.

The preceding sections cover the fundamental physical
properties of K-PHI thin film have been discussed from the
viewpoints of crystallography, chemistry, and electronic struc-
ture. The subsequent sections will report on the electrical
properties of K-PHI thin films.

Electrical properties of K-PHI

Fig. 5(a) shows the results of I-V measurements for the K-PHI
thin films. The electric field swept in the order of A, B, C, D, and E.
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Fig. 5 (a) Results of /-V measurements of the K-PHI thin film. / is plotted

against V. The electric field is swept in the order A, B, C, D, and E. (b) The
double logarithmic graph of pulse /-V measurement results for the K-PHI
thin film. The yellow and blue circles show the pulse /-V curve before and
after light irradiation, respectively.

The variation in current in the segment BC is particularly
noteworthy. In segment AB, the current increases proportionally
to voltage, whereas in segment BC, the current becomes negative
as the voltage decreases. This indicates that the current flows in
the opposite direction to the applied voltage, which cannot be
explained by the carrier conduction of electrons and holes or
simple ionic conduction. A similar phenomenon also occurs in
segment DEB, indicating that segment BCDE has a characteris-
tic hysteresis curve. These I-V properties can be explained by
considering the ionic polarization in K-PHI. As shown in Fig. 2,
the K-PHI thin film has a structure of K-PHI nanosheets stacked
on the substrate, so the potassium ions can move vertically in
the channel with respect to the substrate and electrode surface.
Therefore, when the voltage is applied to the top and bottom
surfaces of the film, potassium ions move toward the cathode
but only slightly shift from the position where they remain
charge neutral. The K-PHI thin film shows a large polarization
at point B because all the potassium ions in the film move,
although the distance traveled by a potassium ion is not large. In
segment BC, the polarization built up in the thin film is released
as the voltage decreases, thereby generating a current flow in the
direction opposite to the applied voltage. In other words, a
negative current flow in the external circuit when potassium
ions, which have been shifted from their charge-neutral position
by the applied voltage, are attracted by the PHI anion and return
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to their original position. These scenarios are shown in detail in
Fig. S10 (ESIt). These findings indicate that the current observed
in Fig. 5(a) are polarization currents generated due to the ionic
polarization of potassium ions. However, the carrier conduction
of electrons and holes in K-PHI cannot be selectively observed in
normal I-V measurements because of the non-negligible effect of
the hysteresis in the polarization currents. To directly observe
carrier conduction in K-PHI, ionic conduction must be sup-
pressed. Herein, the pulse I~V measurement method was used
to suppress the hysteresis caused by the polarization current
during I-V measurements. The corresponding results are shown
in Fig. 5(b). The detailed pulse I-V measurement conditions,
such as the interval between pulse voltages, are shown in
Fig. S11 (ESIf). Contrary to normal -V measurements, an
interval exists between pulse voltages in pulse I-V measurements
during which no voltage is applied. During this interval, the
potassium ions in the K-PHI thin film return to their original
position before the voltage application, allowing the sample to
return from the polarized state to the neutral state. This method
of voltage application ensures that it is always applied to the
neutral state of the K-PHI during pulse I-V measurements, such
that hysteresis associated with ion polarization does not occur.
Fig. 5(b) shows that the current flowing in the forward and
backward directions of the voltage sweep are almost identical,
without significant hysteresis. In the pulse I-V curve, the slope
changes around the threshold voltage (V).

I=av" 1)

Eqn (1) is a general form that represents the voltage depen-
dence of current, where I is the current, Vis the voltage, and a is
an arbitrary constant. Therefore, Ohmic polarization occurs in
the voltage region lower than Vi, for the current with m = 1 in
eqn (1). Contrarily, carrier conduction occurs in the voltage
region higher than V4, which is expressed as m > 1. When the
carrier injection from the electrode is not rate-limiting, carrier
conduction in organic semiconductor can be described gener-
ally with m ~ 2 according to the child rule. However, in the
voltage region where trap filling is rate-limiting (trap-filling
limited), m > 2.*>** In perovskite materials, where both ionic
and carrier conduction is observed, as in K-PHI, m varies based
on the balance between ionic and trap densities in the
sample.*>*> Carrier conduction occurs in the K-PHI thin film
in the high voltage region where m > 1. Moreover, K-PHI
exhibits ionic conduction, but we found that carriers can be
injected into K-PHI and that it exhibits carrier and ionic
conduction.*® The pulse I-V measurement results for the K-
PHI thin film in Fig. 5(b) show a change in the current flow due
to light irradiation. Two changes were observed in the pulse I-V
curves before and after light irradiation. (1) In the low-voltage
region, the intercept of the pulse I-V curve after light irradia-
tion increases. The intercept of the I-V curve in double loga-
rithmic graphs in Fig. 5(b) corresponds to a. This indicates that
the ionic conductivity of the K-PHI thin film increases with
light irradiation. This result is consistent with the desorption of
potassium ions in K-PHI due to light irradiation reported
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previously.”®*® Here, it is beyond the scope of this study to
discuss the pH values inside the channel of K-PHI, but H;0"
resulting from the dissociation of water molecules and partially
present H' in the channel would be expected to show high
conductivity. The effect of variations in local pH values in the
channel on ionic conduction of K-PHI will need to be investi-
gated experimentally in the future, but it is not reasonable to
assume here that these conductivities will increase upon light
irradiation. (2) Vi, before light irradiation is 5.0 V, whereas that
after light irradiation considerably reduces to 2.4 V. This
decrease in Vi, indicates that light irradiation has reduced
the carrier injection barrier from the Au electrode to the K-
PHI thin film. In general, the carrier injection barrier is
determined by the energy difference between the Fermi energy
of the electrode metal and the ionization energy or electron
affinity of the sample. As shown in Fig. S12 (ESIt), the energy
gap of K-PHI is narrowed by photochromism. Thus, a smaller
difference in the Fermi energies of the top of the valence band
and the bottom of the conduction band and Au electrode is
observed. Consequently, Vy, is shifted to lower voltages due to a
smaller carrier injection barrier caused by the narrowing of the
energy gap by light irradiation. Thus, photochromism occurs in
K-PHI thin films due to the stimulation by light irradiation,
which increases ionic conductivity and decreases the carrier
injection barrier. These changes caused by light irradiation
considerably alter the optical and electrical properties of K-PHI
thin films.

The increase in ionic conductivity upon light irradiation in
the K-PHI thin film was further investigated by performing
electrical impedance spectroscopy (EIS). Fig. 6(a) shows the
response of the impedance magnitude (|Z|) and phase differ-
ence () to light irradiation. Here, |Z| is the magnitude of the
impedance in the complex plane, and 6 is the angle with
respect to the real axis of the complex plane. The yellow
hatched area indicates the area where the sample was irra-
diated with light. As shown in Fig. 6(a), the phase difference is
90° before light irradiation; therefore, the impedance has
almost only an imaginary component and the K-PHI responds
similar to a capacitor. After light irradiation, the phase differ-
ence is 15° and the imaginary component in the impedance is
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considerably reduced to almost a real component, making the
K-PHI respond in a similar way to a resistor. Typically, in the
absence of an externally applied voltage, many materials
respond in a similar way to a capacitor because of the absence
of charge carriers within them that can respond to an applied
AC voltage. However, if carriers are present in materials
that can respond to external fields, such as mobile ions, they
respond in a similar way to a resistor. K-PHI responds in a
similar way to a capacitor before light irradiation, as is the case
with many materials; however, it responds as a resistor upon
light irradiation because the potassium ions detach from the
heptazine-based framework and become mobile. Fig. 6(b)
shows the EIS results at different light intensities. The EIS
measurements were performed at equilibrium with saturated
impedance at 1000 Hz (Fig. S13 (ESIt)). Without light irradiation,
the EIS shows a typical response of a capacitor. In contrast, the EIS
spectra obtained at light intensities of 0.24 W m ™~ and above show
a semicircle that can be fitted by a Randles-type equivalent circuit,
with the diameter of the semicircle decreasing with increasing
light intensity. For the Randles-type equivalent circuit, the dia-
meter of the semicircle represents the resistance (R,) of the
sample. Fig. 6(b) shows that the resistance of the K-PHI thin film
decreases with increasing light intensity: the ionic conductivity of
the K-PHI thin film increases with the light intensity. The con-
ductivity is plotted against light intensity in Fig. 6(c), which was
calculated from R, obtained from the results of the fitting analysis
of each EIS spectrum. The results show that the ionic conductivity
increases linearly with light intensity. It has been reported that the
ionic conductivity of K-PHI can be controlled by humidity, and
the results here show that the ionic conductivity of K-PHI can also
be controlled by the light intensity.*®

Fig. 6(a) shows the variation in |Z| upon light irradiation,
wherein the time constant (r) of the impedance change is
considerably different during and after light irradiation. During
light irradiation, t = 66 s, whereas after light irradiation, t =
826 s, i.e., approximately 12 times longer. The change in |Z| is
caused by the desorption and recombination of potassium
ions. However, it is difficult to regard this asymmetry in t as
being caused solely by the thermal motion of the ions. To clarify
this finding, other factors that inhibit the recombination of
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during which light was irradiated and not irradiated. |Z] and 0 in the complex plane are shown in the figure. (b) Electrical impedance spectrum at each light
intensity. The circuit in the diagram is the equivalent circuit used for fitting. (c) Light intensity dependence of conductivity obtained from the fitting
analysis of the data in (b). The blue dotted line shows the result of linear fitting.
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potassium ions with the heptazine-based framework are consid-
ered. The desorption of potassium ions from the heptazine-based
framework is caused by the transition of K-PHI to an excited state
upon light irradiation. Conversely, as long as K-PHI is in an excited
state, potassium ions will not recombine into the heptazine-based
framework. On the other hand, as mentioned in the introduction,
K-PHI is a material that exhibits charge accumulation upon light
irradiation. Since the charge accumulation phenomenon is caused
by maintaining the excited state generated by light absorption for a
long time, the recombination between potassium ions and the
heptazine-based framework does not proceed quickly in K-PHI
after light irradiation and the impedance gradually changes.

Mechanism of charge accumulation in K-PHI

In this section, we proposed the model to explain the charge-
accumulated state (CA) of K-PHI. The ionic conductivity in
K-PHI increases upon light irradiation due to photochromism
and potassium ion desorption. In addition, CA appears as a
stable intermediate state. These phenomena in K-PHI are
closely related to each other, which have been explained by
developing a model that can comprehensively explain each of
these phenomena. Fig. 7(a) shows an energy diagram. The
horizontal axis represents the bonding distance between the
nitrogen and potassium ions in K-PHI. The experimental fact
we obtained in this study is attempted to be explained using
this energy diagram. Based on this diagram, we discuss (A) the
increase in ionic conductivity and (B) photochromism of K-PHI
upon light irradiation. As shown in Fig. 4(c), the wave function
of the VBM of K-PHI is localized in the nitrogen bound to the
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* “NH
Y % bond N)\

Y
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potassium ion, whereas the wavefunction of the excited state of
the CBM is spread over the entire heptazine ring. When the
electrons of nitrogen in the bridge site, which attracted potas-
sium ions, are excited from the VBM to the CBM, the electron
density distribution changes considerably and become deloca-
lized over the heptazine-based framework. Thus, the bond
between the potassium ion and nitrogen is cleaved and the
potassium ion is desorbed from the heptazine-based frame-
work, causing the system to transition from Y* to B*, followed
by the deactivation of B* to B. Here, B* and B are the blue states
resulting from the narrowing of the energy gap of K-PHI due to
potassium ion desorption, indicative of photochromism.
In many photochromic materials, these changes in molecular
structure caused by electron density redistribution are respon-
sible for photochromism.*””*® In B, where the N-K bond is
cleaved, the energy gap is narrowed and potassium ions
released from the heptazine-based framework become more
mobile (Fig. S7(c) (ESIT)). These findings explain the phenom-
ena (A) and (B) well. The light intensity dependence of (C)
impedance and (D) asymmetry of 7 in the dark and light states
of the K-PHI is subsequently discussed. Photochromism and
ionic conductivity in K-PHI are correlated and photochromism
shows a light intensity dependence, as observed in T-type
photochromic materials.”*>' This phenomenon generally
occurs because the transition to the colored state by light
irradiation and the transition to the colorless state by thermal
deactivation reach an equilibrium. This equilibrium position
is determined by the balance between the excitation rate due
to light irradiation and thermal deactivation rate, ie., the
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(a) Energy diagram showing the energies of the light-irradiated excited state and the subsequent charge accumulated state of K-PHI. The

horizontal axis represents the bonding distance between nitrogen and potassium ions in K-PHI. Y, Y*, B, and B* in the diagram show the color of the
sample due to photochromism, representing the ground state (yellow state), the excited state immediately after light absorption (yellow state),
the ground state of the K*-desorbed structure (blue state), and the excited state of the K*-desorbed structure (blue state) respectively. CA represents the
state in which charges are accumulated on the K-PHIL. k3, k2, k3, and k4 represent the rate constants for each reaction, and AE represents the activation
energy required to relax from CA to B. (b) The molecular structure of K-PHI in yellow and blue states. The blue color in the molecular structure
conceptually depicts the electron density in the ground (Y) and excited (B*) states. (c) The left diagram is a schematic of K-PHI in CA. The energy diagram

of K-PHI in CA is shown on the right.
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equilibrium position is determined by the light intensity under
a constant temperature. A similar equilibrium state also exists
between states Y and B in K-PHI, suggesting that the impe-
dance of K-PHI shows light intensity dependence under
a constant temperature. The higher the light intensity, the
smaller the impedance, and the decrease in impedance satu-
rates with the irradiation time and reaches an equilibrium
(Fig. S13(a) (ESIY)).

We discuss how K-PHI reaches a stable intermediate state
CA upon light irradiation. The transition from B to the ground
state Y occurs with thermal deactivation at about room tem-
perature. This transition cannot explain the phenomenon
shown in Fig. 6(a), where the blue state is maintained for
a long time without K" returning to the heptazine-based frame-
work. Furthermore, after deexcitation from B¥*, the system
presumably transfers directly to the B and then deactivates to
Y; only the rate constant k, is involved in the relaxation. This
indicates that the relaxation process of the impedance in K-PHI
in the dark state can be described by a simple single exponen-
tial function with respect to time. However, as shown in
Fig. S13(b) (ESIY), the relaxation process of K-PHI impedance
can only be reproduced by the superposition of two exponential
functions, indicating that the excited state of K-PHI undergoes
two relaxation processes. In addition, the dependence of time
constant of the impedance relaxation on light intensity and
irradiation time cannot be explained by considering k, alone
(Fig. S14 (ESIY)). This is because the transition from B to Y is
caused by thermal deactivation and the rate must be indepen-
dent of light intensity. These findings indicate that K-PHI does
not directly transition from B* to B during the relaxation
process in the dark state but via another state. Therefore, a
scenario is proposed in which the relaxation from the excited
state B* of K-PHI involves a stable intermediate state CA
(Fig. 7(c)). CA is a state where photocarriers are accumulated
in the blue K-PHI due to the charge separation of excitons in
B*. The stabilization of the system with similar charge trans-
fer has also been reported for charge-transfer photochromic
materials.*®>” K-PHI deexcited by charge separation from B*
has a blue state with a smaller energy gap than the yellow state.
Therefore, the blue region of K-PHI works as a shallow trap for
electrons and holes as long as it is surrounded by a yellow
region with a larger energy gap (left side of Fig. 7(c)). An energy
diagram representing this scenario is shown on the right side
of Fig. 7(c). To avoid the recombination of charge generated by
charge separation and form excitons, the electrons and holes
are spatially separated and accumulated in separate blue K-PHI
regions (Fig. 7(c)). The charge separation can assume to be
facilitated by the electric field gradient created at the boundary
between the blue and yellow regions. The accumulated charge
is then consumed in the dark state, resulting in the dark
photocatalytic activity of K-PHI. Although models of charge
accumulation in traps have been developed for other dark
photocatalysts, K-PHI is unique as charge is accumulated in a
shallow trap formed by its own photochromism.%"'?"*3?
We refer to this model as the STCA model.”” Finally, the
CA relaxes to B by consuming charge carriers and exciton
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regeneration and recombination. The charge accumulated in
the blue K-PHI region must overcome the energy barrier AE
corresponding to the energy difference between B and Y to be
released from the trap. This is governed by the rate constant k,,
which explains another relaxation mechanism observed in the
impedance relaxation process upon light irradiation: K-PHI
stabilizes in CA during deexcitation, resulting in a large impe-
dance relaxation time constant in the dark state, as shown in
the abovementioned experimental fact (D). (D) and the fact that
K-PHI exhibits dark photocatalysis suggests that the transition
from CA to B takes a long time and k, is very small. After the
accumulated charges are released, excitons regenerate and
immediately recombine. Accordingly, K-PHI falls into B, but
K" is reaccommodated in the heptazine-based framework and
returns to the ground state Y as the electron density distri-
bution of PHI returns to the same as the ground state Y.
Considering its use in dark photocatalysis, if only the holes
accumulated in K-PHI are consumed using a hole scavenger
such as 4-methyl-benzyl-alcohol (4-MBA), the recombination
probability between electrons and holes is even smaller and the
state CA is maintained for a longer time.'®™®

Conclusions

In this study, K-PHI nanosheets were successfully isolated from
K-PHI powder, and K-PHI thin films were subsequently pre-
pared from these nanosheets. XRD and XPS results showed that
the chemical and crystal structures of K-PHI thin film and
K-PHI were similar. In addition, UPS/IPES measurements were
performed to obtain an electronic structure that closely agreed
with DFT simulations, and the energy gap, ionization energy,
and electron affinity were precisely measured as the fundamen-
tal properties of K-PHI. Its electrical properties were also
determined. Pulse -V measurements indicated that K-PHI
was an ionic and a carrier conductor and the threshold voltage
for carrier conduction shifted due to photochromism. EIS
measurements revealed that the ionic conductivity of K-PHI
increased proportionally to light intensity and an asymmetry
existed in the impedance relaxation process with and without
light irradiation, suggesting that K-PHI formed a charge-
accumulated state in the dark state. To summarize these
results, three phenomena induced by light irradiation in K-PHI,
i.e., photochromism, potassium ion desorption, and charge accu-
mulation, were observed with shifts in threshold voltage in the
carrier conduction region, a proportional increase in ionic con-
ductivity with light intensity, and long-lived excited states with
moderated relaxation. Finally, a model was developed to compre-
hensively explain these phenomena. The energy diagram suggests
the bond between the nitrogen and potassium ions is cleaved
during the transition from Y* to B* and the existence of a CA
between B* and B of K-PHI. The CA is constituted by charges that
accumulate in shallow traps created by photochromism in K-PHI.
The discussion of CA is an important insight for understanding
and developing dark photocatalyst activity in K-PHI. Moreover, the
charge accumulation phenomenon in K-PHI is unique as it does
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not require bonding with heterogeneous materials and does not
involve transition metals. The reported findings thus provide
a new opening for the future development of energy-storing
photocatalysts.
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