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Graphitic carbon nitride (g-C3N4) shows favorable performance as a photocatalyst and has attracted
widespread attention in recent years. As its wide band gap of 2.70 eV limits light absorption in the visible
range, many efforts have been made to optimize the band gap. In this report, pressure is used to engineer
the band gap and photoelectric response of nitrogen-deficient g-C3N4 nanoflakes. The band gap of the
sample is first narrowed to 2.40 eV due to the introduction of nitrogen vacancies and then further nar-
rowed to 1.70 eV by pressure, which is the lowest value reported in the literature for undoped g-C3N4.
Accordingly, the photoelectric response increases by nearly 50% because of the enhanced light absorp-
tion at high pressure. More interestingly, after depressurization to ambient pressure, the optimized band
gap survives with a minimum value of 1.87 eV accompanied by enhanced photoelectric responsivity. In
situ synchrotron x-ray diffraction and Raman spectra suggest that the tunable band gap originates from
irreversible pressure-induced amorphization with the assistance of vacancies for g-C3N4. The collabora-
tive approach of introducing deficiency and pressure treatment adopted here shows the ability to engineer
the band gap continuously over a prominently wider region than that for the single band-gap-narrowing
technique, and thus, enhances the photoelectric performance for broadened semiconductors.
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I. INTRODUCTION

Graphitic carbon nitride (g-C3N4) has attracted
widespread attention in recent years owing to its favor-
able performance for efficient photocatalytic hydrogen
generation, water oxidation, artificial photosynthesis, CO2
reduction, photodecomposition of organic pollutants, and
so on [1–14]. Band-gap engineering of g-C3N4 could sig-
nificantly enhance its photocatalytic activity, as the wide
band gap of 2.7 eV for pristine g-C3N4 limits light absorp-
tion in the visible range [15–21]. A series of experiments
were carried out to narrow the band gap of g-C3N4, such
as doping with nonmetallic or metallic elements [22–26],
homogeneous amorphization [18], sensitization with dyes
[27,28], and introducing point defects or vacancies [19,29–
34]. Recently, nitrogen-deficient g-C3Nx was successfully
synthesized by alkali assistance with a tunable band gap
ranging from 2.36 to 2.68 eV, which displayed enhanced
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photoelectric responsivity with prominent photocatalytic
hydrogen performance [29]. To improve the application of
g-C3N4, it is an irresistible trend to discover approaches to
tuning the band gap of g-C3N4 continuously over a wide
region.

Pressure, as a thermodynamic parameter, is a versatile
tool for controlling the properties of materials by reduc-
ing interatomic distances and modifying electronic orbitals
and bonding patterns. Thus, a high-pressure technique pro-
vides an effective strategy for a route to tune the band gap
and photoelectric properties without the involvement of
composition change [35–42]. Recently, pressure treatment
has attracted growing interest to tune the electronic band
structure of materials to optimize their photoelectric prop-
erties for various applications [43–50]. For example, the
optimized band gap for single-junction solar cells in lead-
based perovskites is achieved by narrowing the band gap
of formamidinium lead triiodide [HC(NH2)2PbI3] from
1.489 to 1.337 eV with a modest hydraulic pressure up
to 2.1 GPa [51]. Although the pressure-optimized band
structure and optical properties are abundantly reported
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for various materials, investigations on the photoelectric
properties to evaluate their performance for applications
as photocatalysts, solar cells, photodetectors, and so on
are lacking. Furthermore, because of the elastic stretch
of the lattice under pressure, the pressure-driven modula-
tions of the band gap are commonly reversible, and most
of the optimized properties cannot be retained at ambient
pressure due to dynamic instabilities.

Earlier theoretical efforts on the structural stability of g-
C3N4 under pressure predicted the transition from g-C3N4
to superhard cubic C3N4 at approximately 12 GPa [52,53].
However, high-pressure experiments show that the lat-
tice of g-C3N4 maintains the hexagonal structure with the
P63/m phase in the studied range up to 25 GPa [54]. A
recent study investigated the pressure-modulated photo-
luminescence of g-C3N4 and reported a redshift of the
center wavelength from blue (434 nm) to yellow (550 nm)
at elevated pressures up to 15 GPa without a structural
phase transition [55]. These results imply that pressure
may be able to efficiently optimize the band gap and pho-
toelectric properties of g-C3N4, which need to be further
clarified.

Here, the band gap and photoelectric responsivity
under pressure are systemically investigated in nitrogen-
deficient g-C3N4 nanoflakes with a N : C ratio of 9 : 10.
The pressure-optimized band gap enhances the visible-
light absorption of nitrogen-deficient g-C3N4, which leads
to a prominent increase in the photocurrent. Further-
more, with the assistance of nitrogen vacancies, irre-
versible pressure-induced amorphization appears with an
optimized band gap and photoelectric responsivity under
ambient conditions. Our results highlight that irreversible
pressure-induced amorphization offers an opportunity to
engineer the band gap for ambient-pressure applica-
tions.

II. EXPERIMENT

A. Synthesis of nitrogen-deficient g-C3N4

Nitrogen-deficient g-C3N4 nanoflakes with nitrogen-
vacancy defects are synthesized by an alkali-assisted ther-
mopolymerization process, according to a previous report
[29]. In a typical procedure, 15 g of urea and 0.01 g of
KOH are thoroughly ground in a mortar in a glove box
under an Ar atmosphere. The mixtures are calcined at
550 °C in a muffle furnace for 4 h at a heating rate of
10 °C min−1. The product is washed with distilled water
at least 3 times to remove any residues and finally dried in
a vacuum oven at 70 °C for 12 h.

B. In situ investigations under pressure

A high-pressure experiment is conducted with diamond
anvil cells (DACs), which have two opposing diamonds
producing high pressures with a culet size of 300 μm

[56]. A central hole 200 μm in diameter is drilled in a
T301 stainless-steel or rhenium (Re) gasket as the sample
chamber. Nitrogen-deficient g-C3N4 samples are loaded
into the chamber together with ruby powder to calibrate
the pressure. Liquid silicon oil is adopted as the pressure-
transmitting medium (PTM) in the Raman, PL, absorption
spectra, and X-ray diffraction (XRD) measurements. For
the high-pressure photocurrent experiments, we use cubic
boron nitride as both the insulating layer and the PTM.

Incident laser wavelengths of 532 nm (for Raman mea-
surements) and 488 nm (for PL measurements) are adopted
for optical measurement by a backscattering geometry.
The pressure is controlled through the four loading DAC
screws. A single-stage imaging spectrograph, SP2500
(Acton), with a focal length of 500 mm is used to observe
conditions inside the sample chamber, and optical signals
are collected by a thermoelectrically cooled CCD detector
array (Princeton eXcelon) simultaneously. The Raman and
PL spectra record both compression and decompression
processes of nitrogen-deficient g-C3N4 at selected pres-
sures. The initial pressure is 0 GPa; here, it goes from 0
to 47.6 GPa through compression and then decreases back
to ambient pressure. To extract the peak position in the
PL spectra and Raman spectra, the Lorentzian function is
adopted to fit experimental data.

The absorption spectra are detected by the system afore-
mentioned, and the sample is loaded in the gasket with
prepressing to a thickness of 10 μm to minimize changes
in sample thickness after compression. A focused tung-
sten light source with wavelengths ranging from 400 to
1000 nm is used as the incident light to cross the diamond
anvils, and the same chamber without sample is prepared
as the control group.

High-pressure photocurrent measurements of nitrogen-
deficient g-C3N4 are performed in a diamond anvil cell
with 300 μm culets. A central hole with a diameter of
approximately 300 μm is drilled in T301 stainless steel
and then filled with cubic boron nitride (c-BN). c-BN is
compressed as a gasket to achieve electrical insulation con-
ditions between platinum (Pt) leads and a T301 stainless-
steel gasket. Photoelectric measurements are conducted
using a two-probe method, with the Pt heads touching the
sample and the tail connected out. I -t data are recorded
using a source meter (Keithley 2635B) at a bias of 15 V.

In situ high-pressure angle-dispersive synchrotron XRD
experiments are carried out at the BL15U1 beamline of the
Shanghai Synchrotron Radiation Facility (SSRF) and the
4W2 beamline of the Beijing Synchrotron Radiation Facil-
ity (BSRF). The incident wavelength of the monochro-
matic beam is 0.6199 Å, and the diameter of the spot size
is approximately 10 μm. The sample-to-detector distance
and the image-plate orientation angles are calibrated using
the CeO2 standard. All the XRD patterns are integrated to
give one-dimensional powder diffraction patterns using the
FIT2D program [57,58].
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FIG. 1. Microstructural information of nitrogen-deficient g-C3N4 under ambient conditions. (a) XRD pattern and (b) TEM image
of nitrogen-deficient g-C3N4. Inset shows a high-resolution TEM image and electron-diffraction pattern. (c) C 1s and (d) N 1s XPS
spectra of nitrogen-deficient g-C3N4.

III. RESULTS AND DISCUSSION

A. Characterization of nitrogen-deficient g-C3N4
samples under ambient conditions

The morphology and chemical structure of nitrogen-
deficient g-C3N4 are characterized by XRD, field transmis-
sion electron microscopy (TEM), and x-ray photoelectron
spectroscopy (XPS) under ambient conditions, as shown
in Fig. 1. The diffraction pattern in Fig. 1(a) is in good
accordance with the XRD studies on g-C3N4 reported in
the literature [59]. Two major reflections are observed
at approximately 2θ = 12.8° and 2θ = 27.7°. As the fully
polymerized form of g-C3N4, characterized by a C : N
ratio of 0.75, cannot be practically obtained, the mate-
rial usually presents a hydrogen content and forms various
polymorphs of g-C3N4 [14,60]. Suter et al. reported that
different C : N : H ratios could exist in graphitic carbon
nitride materials with tunable physical properties [14]. An
earlier neutron-diffraction study suggested that the paral-
lel chains of tri-s-triazine units organized in layers with an
A-B stacking motif could fit the XRD experimental obser-
vations well [59]. According to earlier reports, the major
reflections in Fig. 1(a) can be assigned to the (201) and

(002) reflections of the orthorhombic geometry, respec-
tively. A planar schematic diagram of the crystal structure
for nitrogen-deficient g-C3N4 is exhibited in Fig. 1(a).

The TEM image in Fig. 1(b) indicates that nitrogen-
deficient g-C3N4 retains the layered and sheet structure,
which is similar to pristine g-C3N4. The high-resolution
dark-field image shows that the thin regions at the sam-
ple edges reveal lattice fringes and layering representa-
tive of crystalline material with a graphitic structure. The
electron-diffraction pattern shows the in-plane hexagonal
geometry with interfacial stacking of nitrogen-deficient g-
C3N4 nanoflakes. The XRD diffraction and TEM images
confirm that the synthesized sample adopts a graphenelike
two-dimensional layered structure.

To further explore the influence of N defects on the
elemental composition and structure of nitrogen-deficient
g-C3N4, XPS is performed. XPS data in Fig. S1 within
the Supplemental Material [61] show a N : C ratio near
9 : 10, which is much lower than that of the original g-
C3N4 (∼1.33), indicating that N defects are successfully
introduced. The high-resolution spectra of C 1s and N
1s core electrons are depicted in Figs. 1(c) and 1(d),
respectively. The C 1s XPS spectrum can be divided into
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FIG. 2. Photoluminescence spectra for nitrogen-deficient g-C3N4 (488-nm excitation at room temperature) under pressure. (a) Nor-
malized PL spectra of nitrogen-deficient g-C3N4 with increasing and decreasing pressure. (b) Wavelength shift and (c) intensity
variation of the PL peaks during compression and decompression.

three peaks located at 288.3, 286.4, and 284.7 eV, which
are associated with N-C=N coordination in the frame-
work of nitrogen-deficient g-C3N4, C-NHx (x = 1, 2) on
the edges of heptazine units, and adventitious hydrocar-
bons, respectively [29]. The deconvolution of the N 1s
spectrum contains three peaks centered at 398.7, 399.8,
and 401.2 eV, which are assigned to bicoordinated (N2C),
tricoordinated (N3C), and NHx groups in the heptazine
framework [29], while the peak at 404.4 eV corresponds
to graphitic species [62]. XPS data support that the general
structure of nitrogen-deficient g-C3N4 is preserved well
together with the formation of N defects.

B. Pressure-optimized band gap of nitrogen-deficient
g-C3N4

The color change for nitrogen-deficient g-C3N4 upon
compression in Fig. S2 within the Supplemental Material
[61] directly demonstrates the pressure-modulated opti-
cal properties. Upon compression, the color of nitrogen-
deficient g-C3N4 changes from the initial faint yellow to
totally red. After pressurized treatment, deep orange is pre-
served for nitrogen-deficient g-C3N4 at ambient pressure,
as shown in Fig. S2(b) within the Supplemental Material
[61]. In Fig. 2, the photoluminescence (PL) of nitrogen-
deficient g-C3N4 under pressure is investigated. The small
peaks at approximately 532 nm originate from the incident

laser with wavelengths of 532 nm used for the Raman mea-
surements. Although the 532-nm laser is blocked during
the PL measurements, diffuse light still results in a noisy
background in the PL spectra. The center wavelength of
PL shows a shift from about 528 to 630 nm as the pressure
increases from 2.5 to 49.1 GPa in Fig. 2(a), implying a
narrowed band gap due to lattice shrinkage under pressure.
The PL peak remains at 573 nm upon unloading to ambi-
ent pressure. The differences in both the center wavelength
and intensity of PL between compression and decompres-
sion are noticeable, as shown in Figs. 2(b) and 2(c). The
PL shift shows a kink with a prominent drop in inten-
sity at approximately 17 GPa upon compression, while
they change monotonically during depressurization. As the
photoluminescence property is closely related to the elec-
tron structure, it is reasonable to assume that the pressure
modulates the band gap of nitrogen-deficient g-C3N4.

To precisely determine the electronic band gap of
nitrogen-deficient g-C3N4 under pressure, in situ UV-
visible absorption spectroscopy is performed. Figures 3(a)
and 3(b) show the ultraviolet-to-visible (UV-vis) diffuse
reflectance spectra (DRS) and calculated band gaps for
nitrogen-deficient g-C3N4 at selected pressures, respec-
tively. Band gaps of the sample are determined by analysis
using the transformed Kubelka-Munk function versus the
energy of light absorbed. The initial nitrogen-deficient g-
C3N4 sample at 0 GPa possesses a band gap of 2.40 eV,
which is near the value of 2.36 eV reported in the
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FIG. 3. (a) UV-vis DRS and (b) plots of the transformed Kubelka-Munk function versus photon energy for nitrogen-deficient g-C3N4
at elevated pressures (ranging from 0 to 46 GPa). (c) Pressure-dependent band gap of nitrogen-deficient g-C3N4 upon compression.
(d) Comparison of UV-vis DRS spectra for nitrogen-deficient g-C3N4 at ambient pressure (before and after compression) and plots of
the transformed Kubelka-Munk function versus photon energy (inset).

literature [29]. As the applied pressure increases, the light-
absorption edge of the sample shows a significant redshift,
and a minimum band gap of 1.70 eV is achieved at 46 GPa,
which is the lowest value reported for g-C3N4. In Fig. 3(c),
the band gap of nitrogen-deficient g-C3N4 is gradually
narrowed upon compression with a kink at approximately
17 GPa, in accordance with the pressure-dependent PL in
Fig. 2. The sample that undergoes the compression and
decompression process from 0 GPa → 46 GPa → 0 GPa
has a band gap of 1.87 eV, as shown in Fig. 3(d). Both
PL and absorption spectroscopy indicate that pressure
can efficiently narrow the band gap of nitrogen-deficient
g-C3N4.

C. Pressure-enhanced photoelectric response of
nitrogen-deficient g-C3N4

As the band gap dominates the light absorption of
the semiconductor, the photocurrent of nitrogen-deficient
g-C3N4 under pressure is investigated to evaluate the

influence of the pressure-narrowed band gap on its photo-
electric applications. Figure 4(a) sketches the experimental
setup of the photocurrent measurements under pressure.
The linear I -V curve in Fig. S3 within the Supplemental
Material [61] shows the ohmic contact between the Pt elec-
trodes and nitrogen-deficient g-C3N4 samples. In Figs. 4(b)
and 4(c), the photocurrent under white light shows a con-
siderable enhancement from 18 nA at 0 GPa to 29 nA at
17 GPa. With further increasing pressure up to 49 GPa, the
photocurrent almost does not change. In accordance with
the retained band gap upon decompression in Fig. 3, the
pressure-enhanced photocurrent can be retained at ambient
pressure with a value of approximately 30 nA in Fig. 4(c)
and Fig. S4 within the Supplemental Material [61]. The
pressure dependence of the photocurrent implies that pres-
sure can efficiently optimize the photoelectric application
of nitrogen-deficient g-C3N4 by enhancing light absorp-
tion. However, although the band gap can be continuously
narrowed by pressure, the pressure-enhanced photocurrent
saturates at approximately 17 GPa.
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(a) (b) (c)

FIG. 4. Visible-light responsiveness of C3N4. (a) Schematic diagram of the photoconductive effect. (b) Photocurrent of C3N4 at
selected pressures with a full spectrum of visible light at a 15-V bias. (c) Photocurrent as a function of pressure extracted from (b).

D. Pressure-induced amorphization of
nitrogen-deficient g-C3N4 samples

To understand the pressure-modulated band gap and
photocurrent, the structural evolution of nitrogen-deficient
g-C3N4 under pressure is investigated by in situ Raman
spectroscopy and synchrotron x-ray diffraction. A com-
plete process of compressing and depressurizing nitrogen-
deficient g-C3N4 is investigated by the Raman spectra
depicted in Fig. 5(a). The Raman peak centered at about
1350 cm−1 represents the strong first-order Raman mode
of the diamond anvil cell [63]. In the low-pressure region
before 17 GPa, no Raman modes of nitrogen-deficient g-
C3N4 can be found. Continuous compression results in the
appearance of a broadened Raman band at approximately
1650 cm−1 [60]. In Fig. 5(b), the phonon frequencies
of nitrogen-deficient g-C3N4 increase upon compression
beyond 17 GPa, which is due to the shrinkage of the lattice
or modulation of the crystal field by lattice distortion under
pressure [64]. After depressurizing to 0 GPa, the Raman
band moves to approximately 1620 cm−1, which is near
the earlier theoretical predictions of the C-N stretching
model of g-C3N4 at approximately 1600 cm−1 under ambi-
ent conditions [14]. A similar broad Raman peak located at
1620 cm−1 is observed in the ultraviolet Raman spectrum
of pristine g-C3N4. The broad Raman band decomposes
into five peaks and is related to the coexistence of sev-
eral polymorphs of g-C3N4 with different symmetries,
and therefore, different Raman spectra [60]. The discrep-
ancies in the phonon frequencies between compression
and decompression suggest an irreversible structural phase
transition at approximately 17 GPa.

As shown in Fig. 5(c), a comparative experiment under
pressure is performed, in which the pressure of the sam-
ple increases from 0 to 15 GPa and then decreases back
to 0 GPa. Subsequently, it is compressed to 48 GPa once
again and finally returns to ambient conditions. The Raman
spectrum at 0 GPa released from 15 GPa is similar to the

spectrum before compression, and the characteristic peak
of g-C3N4 near 1620 cm−1 cannot be observed. The results
suggest that pressure leads to reversible elastic stretching
of the lattice in nitrogen-deficient g-C3N4 before reaching
17 GPa and induces irreversible structural phase transitions
at higher pressures.

To further investigate the origin of the irreversible
structural phase transition, high-pressure synchrotron radi-
ation is performed on nitrogen-deficient g-C3N4, as shown
in Fig. 6. The synchrotron x-ray diffraction pattern of
the nitrogen-deficient g-C3N4 sample before compression
shows a clear (002) peak at d = 3.18 Å, which is consistent
with the XRD result at ambient pressure in Fig. 1(a). Upon
compression, the Bragg peaks associated with crystalline
material disappear at 24.3 GPa, suggesting the formation
of amorphization or disordering [65,66]. After depressur-
ization to ambient pressure, amorphous g-C3N4 is retained
with an XRD pattern similar to that at high pressure.

The Raman spectra and x-ray diffraction show coincid-
ing evidence for an irreversible pressure-induced amor-
phization (PIA) at approximately 17 GPa for nitrogen-
deficient g-C3N4. The crystalline structure of nitrogen-
deficient g-C3N4 collapses upon compression, when the
regular atomic arrangement is lost without sufficient ther-
mal energy to achieve a more stable crystalline phase at
temperatures far below the melting point or vitrification
range [67,68]. Thus, before PIA, compression of the lat-
tice notably narrows the band gap. With a further increase
in pressure, the amorphized phase is less compressible
than the crystalline phase and shows a slower rate for
the pressure-narrowed band gap. For the photocurrent,
although the narrowed band gap enhances light absorp-
tion, translational symmetry breaking in the amorphized
phase reduces the charge mobility, which is averse to the
photocurrent. As a result, the photocurrent is enhanced sig-
nificantly upon compression before 17 GPa and almost
does not change in the higher-pressure region. When the
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FIG. 5. Raman spectroscopy studies of nitrogen-deficient g-C3N4 under pressure. (a) Raman spectra of nitrogen-deficient g-C3N4
at high pressures. From bottom to top, it goes through the process of compression (from 0 to 47.6 GPa) and pressure relief (from 41.1
to 0.3 GPa). (b) Pressure-dependent phonon frequencies of nitrogen-deficient g-C3N4 during both compression and decompression
processes. Blue dashed line represents the broad band centered at 1620 cm−1 at ambient pressure, as shown in Ref. [60]. (c) Rep-
resentative Raman spectra at selected pressures. Sample reaches 15 GPa for the first compression and then unloads back to ambient
pressure. With subsequent compression, the pressure increases up to 48 GPa and then depressurizes to zero.

pressure is released, the increased entropy in the amor-
phized phase due to the lack of long-range ordering
prevents the dynamic instability-induced structural phase
transition upon depressurization. The amorphized g-C3N4
has a narrowed band gap and enhanced photoelectric
responsivity reserves at ambient pressure.

E. Discussion

The band structure determines the light-absorption abil-
ity and carrier-transport properties of the photocatalyst
[69–71]. Narrowing the wide band gap of 2.70 eV in
g-C3N4 is crucial to enhance its photocatalytic activity.
The minimum band gap of undoped g-C3N4 reported in
the literature is 1.90 eV in an amorphous sample pre-
pared by annealing crystalline g-C3N4 at high temperature

under an argon atmosphere [18]. An earlier optical inves-
tigation of g-C3N4 at high pressure successfully shifted
the center wavelength of PL from blue to yellow. Here,
a much lower band gap of 1.70 eV with red lumines-
cence is achieved, as the initial nitrogen-deficient g-C3N4
has a lower band gap of 2.40 eV with yellow lumines-
cence. As a result, the photoelectric response shows promi-
nent enhancement near 50% under pressure. The higher
photoelectric response will benefit its future applications
as photodetectors in video imaging, optical communica-
tions, biomedical imaging, security, gas sensing, motion
detection, and so on.

Intense interest in the synthesis of three-dimensional
cubic C3N4 has been generated to secure superhard
materials over the past few decades, as cubic C3N4 is
predicted to have a zero-pressure bulk modulus exceeding
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FIG. 6. Integrated synchrotron x-ray diffraction patterns and
the corresponding two-dimensional XRD patterns. Stars (*)
denote the diffraction peaks of Au, which are used to calibrate
the pressure. Peak denoted by the triangle (�) originates from
the Re gasket.

that of diamond. Earlier first-principles studies predicted
the transition from g-C3N4 to cubic C3N4 at approxi-
mately 12 GPa [52]. Lowther suggested a strong phase
instability of the graphite structure without transformation
to the cubic phase up to 60 GPa [53]. Although several
works claim the synthesis of superhard C3N4 with nano- to
microsizes under high-pressure and high-temperature con-
ditions, revealing the high-pressure structural stability of
C3N4 is still crucial to prepare macrosized cubic C3N4 with
adequate structural characterization for more convincing
evidence. Here, the transition from nitrogen-deficient g-
C3N4 to the amorphous phase at 17 GPa is observed, which
is in contrast with earlier theoretical calculations that the
free energy of the amorphous phase is always higher than
that of graphite phases up to 200 GPa [53]. Earlier struc-
tural characterization of pristine g-C3N4 at high pressure
also did not report the PIA up to 125 GPa [72]. The dis-
crepancy in pressure-induced phase transitions is probably
because the initial g-C3N4 sample adopted here contains
highly concentrated nitrogen vacancies with a N : C ratio
of 9 : 10, while both the earlier theoretical calculations
and experiments consider pristine g-C3N4 and overlook
defects. The emergence of PIA with the assistance of
nitrogen vacancies in C3N4 highlights the role of defects
on the structural stability under pressure. Thus, to secure
superhard C3N4 with a cubic structure, defects need to be
involved in both theoretical calculations and experimental
efforts.

Understanding and describing the structures and prop-
erties of amorphous states has long been a fundamental
problem in condensed-matter physics. In general, the struc-
tural phase transition is determined by the total free energy:
G = U + PV − TS, where U is internal energy, P is pres-
sure applied, V is the volume, T is temperature, and S
is the entropy. As the increase in internal energy, U, due
to distortions necessary to destroy long-range order is

higher than the decrease in G due to an increase in the
entropy originating from the configurational disorder in
the amorphous phase, the crystalline structure is usually
more stable than the amorphous phase under ambient con-
ditions. At high pressure, to achieve the lowest free energy,
G, the equilibrium geometries transform either into a high-
pressure crystalline phase by reducing the internal energy,
U, or into an amorphous phase by increasing the entropy,
S [67]. In the former case, atom-atom repulsions make
the compression of volume resilient. Consequently, most
of the pressure-driven crystalline-to-crystalline structural
transitions are reversible, i.e., the high-pressure structure
and physical properties usually cannot be achieved after
depressurization to ambient pressure. On the other hand,
the pressure decrease shows little influence on the entropy,
S, increase due to the configurational disorder in the amor-
phous phase. As a result of the kinetic barrier, PIA is
inclined to be irreversible [67]. Thus, using PIA to retain
the high-pressure-optimized band gap and photoelectric
response under ambient conditions can work in a variety
of materials.

Although PIA is observed in a large number of materi-
als, the apparently direct transformation to an amorphous
phase below the melting point constitutes an open question
with fundamental implications, as well as the opportunity
to create amorphous materials [65,66]. Earlier investiga-
tions focused on the crystallography of PIA, and there is
a lack of detailed studies on the optical and electric prop-
erties of the functional materials [67,68]. Here, the suc-
cessful tuning of the band gap and photoelectric properties
at ambient pressure in nitrogen-deficient g-C3N4 by PIA
will aid efforts in band engineering of these materials. The
defect-assisted PIA in nitrogen-deficient g-C3N4 implies
that increasing structural instabilities, such as introducing
vacancy defects, decreasing particle size, and increasing
specific surface area, are likely to result in irreversible PIA
in other materials that have not yet been observed [67].
We expect PIA to be adopted in a broad range of mate-
rials to engineer their optical and electrical properties for
ambient-pressure applications.

IV. CONCLUSIONS

With the assistance of nitrogen vacancies, the PL of
nitrogen-deficient g-C3N4 shifts from yellow to red upon
compression with a minimum band gap of 1.70 eV at
high pressure. The pressure-narrowed band gap enhances
light absorption in the visible range and increases the
photocurrent under white light from 18 to 29 nA. More-
over, irreversible pressure-induced amorphization appears
at approximately 17.0 GPa. The narrowed band gap can
be retained at ambient pressure when the applied pres-
sure is higher than the PIA transition. Our results provide
an insight into the structural stability and physical prop-
erties of g-C3N4. First, with the assistance of nitrogen
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defects, the pressure-driven structural transformation from
the graphitic phase to the amorphous phase is reported
in C3N4, which highlights the role of defects in struc-
tural stability for the long-term securing of superhard cubic
C3N4. Second, the minimum band gap of 1.70 eV at high
pressure is smaller than the lowest value reported in the
literature for undoped g-C3N4, illustrating the advantage
of the high-pressure technique in tuning the band gap of
semiconductors over a wide range. Third, the successful
retention of the pressure-optimized band gap and photo-
electric response after depressurization to 0 GPa supplies
a strategy of vacancy-assisted PIA to engineer the band
gap and photoelectric properties of broadened materials for
various applications under ambient conditions.
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