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Graphitic carbon nitride (g-C3N4) has been considered to be a promising photocatalyst due to its photoresponse
under visible light. It is known that diﬀerent types of oxygen groups would be normally remained on g-C3N4
during synthesis, and g-C3N4 with oxygen groups was reported to have promising photocatalytic performance
experimentally. To understand the mechanism of the enhanced photocatalytic performance of g-C3N4 with
oxygen groups, density functional theory (DFT) calculations were carried out in this work to investigate the band
structures of g-C3N4 with diﬀerent types of oxygen groups (eCOOH, eOH or ]O) systematically, thus predicting
its capability of activation of electron-hole pair. In addition, in order to consider the position of oxygen groups
on g-C3N4 and its corresponding eﬀect on the band structure, graphitic carbon nitride nanoribbons (CNNR) is
built. It is found that only eOH and ]O groups can be stably attached at the center of CNNR, while all the three
types of groups are stable at the edges. Additionally, eCOOH or eOH group binding with N atoms (NeCOOH or
NeOH) can reduce the bandgap of CNNR signiﬁcantly, and the bandgap further reduces sharply at high concentration of NeCOOH or NeOH, while attaching ]O does not change its bandgap much regardless the position
of the groups expect replacing H atom at the right edge. Therefore, attaching NeOH at the middle, replacing H
atoms by ]O at the right edge and attaching NeCOOH or NeOH at both sides are promising ways to reduce the
band gap of CNNR and thus may improve the generation of electron-hole pair. Furthermore, the higher the
concentration of the oxygen groups, the better the performance it has.

1. Introduction
Nanostructured materials in the application of solar energy for
photocatalysis have attracted signiﬁcant research attention [1–4]. Over
the past few decades, various photocatalytic nanomaterials, which have
large surface area for providing more active sites, and enhance the interfacial electron/hole activation and separation, have shown preferable activity compared to their bulk counterparts [5,6]. Basically, they
accelerate the photocatalytic process based on the enhanced capability
of electron-hole pairs [7] activation or the reduction of activated
electron-hole recombination of a semiconductor photocatalyst [8,9].
During the photoirradiation, once the energy is superior to the excitation energy of nanostructured photocatalysts, photoexcitation consequently leads to a spatial charge separation between the electron in
the conduction band and the hole in the valence band [10]. The electron–hole pair would induce the formation of active radicals for
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photocatalytic decomposition of surface molecules on the photocatalysts. The design of band structure alignment of semiconductors is
generally adopted to promote the activation of electrons, meanwhile to
facilitate the separation of charge carriers at the interfaces of semiconductor [1,10]. Thus, one of the key factors for the photocatalytic
performance is the capability for the photo-activation of electron-hole
pairs [11], which is determined by the band structure of the photocatalysts, such as the band gap and positions of conductive and valance
bands. In other words, a signiﬁcant reduction of the band gap favours
the photogeneration of electron and hole pairs [12].
Graphitic carbon nitride (g-C3N4), which has been recognized as
polymeric metal-free photocatalysts with sp [2] conjugation for both
green synthetic chemistry and solar energy conversion, has attracted
tremendous interest in electronics and optoelectronics [10,13–20].
Nano-sized g-C3N4 (N-g-C3N4) possesses enormous advantages compared with bulk g-C3N4, such as the signiﬁcantly larger speciﬁc surface
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area with abundant active sites [21–24]. g-C3N4 is a low cost photocatalyst, and shows high stability under both acidic and alkaline conditions [12]. As an eﬀective and all-organic photocatalyst, a variety of
photocatalytic performance has been realized. Huang et al. ﬁrst found
that g-C3N4 was an eﬀective, recyclable catalyst for bacterial inactivation in water under visible light irradiation, without any E. coli K-12
bacterial regrowth [7]. Zhao et al. ﬁrst reported the fabrication of the
single layer g-C3N4 could be applied in photocatalytic disinfection due
to the eﬃcient photo-generated charge separation under visible light
irradiation [25]. In addition, Wang et al. observed eﬃcient hydrogen
production for the ﬁrst time from visible-light photocatalysis on g-C3N4
[10,26]. However, the relatively large band gap 3.02 eV [12] of pristine
g-C3N4 limits its visible-light absorption.
Currently, oxidization exfoliation and etching are common strategies for N-g-C3N4 preparation with advantages of low cost and easy
operation [15,22,27]. g-C3N4 can be partly oxidized at these drastic
oxidization conditions [22,24,28] and diﬀerent types of oxygen groups
may be introduced into N-g-C3N4 during synthesis process [22,28,29].
Functional groups may enable the manipulation of various properties
[30]. Compared with pristine g-C3N4, N-g-C3N4 based photocatalysts
functionalized by oxygen groups (N-Ox-g-C3N4) have shown their signiﬁcantly enhanced photocatalytic performance. For example, She et al.
found N-Ox-g-C3N4 showed outstanding photocatalytic performance for
hydrogen production from water and degradation of the organic pollutant under visible light irradiation [31,32]. Simultaneously, Huang
et al. reported that the material exhibited signiﬁcantly enhanced solarenergy-driven hydrogen evolution reaction activity compared with bulk
g-C3N4 and supra-molecular-induced 3D porous g-C3N4 [33]. The enhanced photocatalytic performances of N-Ox-g-C3N4 were mostly explained by the increased photo carriers, which can be attributed to the
enhanced quantum conﬁnement eﬀects [24,25] and the unbalanced
charge distributions caused by the attached oxygen groups [28,31,32].
However, the exact mechanism is not very clear. Therefore, in order to
provide theoretical guidance for the design and synthesis of speciﬁc
carbon nitrides for potential photocatalytic applications, inﬂuences of
diﬀerent types of oxygen functional groups on the band structure of Ng-C3N4 should be investigated in details.
In this work, theoretical models of graphitic carbon nitride nanoribbons (CNNR) were built to investigate the eﬀects of three typical
types of oxygen groups (eCOOH, eOH and ]O) [34] on CNNR and
their inﬂuences on the band structures based on density functional
theory (DFT) calculations. All possible binding positions of eCOOH,
eOH and ]O groups on CNNR were considered and analyzed to determine the favourite conﬁgurations. After the optimization of the
atomic structures, the corresponding band structures are also calculated
and the mechanisms of bandgap engineering of the g-C3N4 are discussed.

Fig. 1. The optimized structures of bulk g-C3N4 (a) and CNNR (b). Atom color
code: carbon (grey), nitrogen (blue). The numbers in the panel (b) indicate
diﬀerent attaching sites for oxygen groups at the center and both sides of the
nanoribbon. The letters A–C denote diﬀerent holes in CNNR. To better show the
edge structure, the magniﬁed structures are inserted. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

vacuums besides the edges of the nanoribbon and above the nanoribbon
to minimize the interaction between diﬀerent nanoribbons in diﬀerent
supercells. To further investigate the positions of oxygen groups and the
corresponding eﬀects on the band structures of CNNR, eCOOH, eOH,
or ]O oxygen group was respectively attached on the diﬀerent sites of
the nanoribbon: left and right edges, as well as the center of the ribbon,
as indicated by the numbers in Fig. 1(b).
3. Results and discussion
Based on literature reports, the contributions of external groups on
changing the properties and band gap of g-C3N4 have been proved, i.e.
the electrochemical response of EDTA-g-C3N4 nanosheets for Pb (II)
detection was much more signiﬁcant than of g-C3N4 nanosheets without
EDTA [ 19]. Oxygen groups have demonstrated the capability to adjusting the band gap of g-C3N4 and signiﬁcantly increase the lifetime of
the photo carriers [28]. However, the inﬂuences of functionalization
positions and tendency of band gap change were rarely discussed. As
shown in Fig. 1(b), the model of a CNNR was built to precisely investigate eﬀects of oxygen functionalization at diﬀerent positions (the
oxygen groups may attach to carbon or nitrogen. Therefore, all the
possible functionalization types were considered at the two types of
atoms at diﬀerent positions of the CNNR as follows: NeCOOH, CeCOOH, NeOH, CeOH, and N]O, C]O).
After geometry optimization, the atomic structures of bulk g-C3N4
and CNNR are shown in Fig. 1, their corresponding band structures are
present in Fig. 2(a) and (b), respectively. It is well known that band gap
of a semiconductor is the energy diﬀerence between the bottom of
conduction band and the top of valence band. From Fig. 2(a), it shows
that the band gap of bulk g-C3N4 is 1.54 eV, which is smaller than the
reported calculated value 1.89 eV [12], owing to the neglected selfinteraction in the PBE functional used in this work, and thus underestimating the band gap, while the CNNR has a band gap of 1.25 eV as
shown in Fig. 2(b). To calculate the band gap more accurately, HSE06
functional was also adopted to calculate the band structure of bulk gC3N4, and the band structure is shown in Fig. S1. It is shown that the
band gap is 3.03 eV, consistent with the experimental value 3.02 eV
[10,12]. However, the calculation using hybrid functional is very time
consuming, which is unaﬀordable for the calculation of a large CNNR
system. In addition, we more concern on the band structure change
trend of CNNRs with diﬀerent type of oxygen groups, but not focus on
the exact value of the band gaps. Therefore, BLYP functional was used

2. Calculation methods
The DFT calculations in this work were implemented in DMOL3
modulus [35,36]. The exchange-correlation interactions were described
by generalized gradient approximation (GGA) with the Perdew-BurkeErnzerhof (PBE) functional [37,38]. Spin-polarization was included in
all calculations and a damped van der Waals correction was incorporated using Grimme's scheme to describe the non-bonding interactions [39]. The vacuum space above the g-C3N4 layer is 20 Å, which is
considered to be big enough to eliminate the interaction between the
layers in diﬀerent supercells [40,41]. 0.005 Ha smearing was used in
the calculations. The Brillouin zone was sampled with the MonkhorstPack mesh with K-points of 6 × 6 × 1 grid in reciprocal space during
electronic structure calculations. The BLYP function was employed to
obtain more accurate vacuum potential levels [12].
Fig. 1(a) presents the fully optimized structure for bulk g-C3N4. In
order to investigate the edge eﬀects of N-g-C3N4, the supercell [42] of gC3N4 nanoribbon (CNNR) is built, as shown in Fig. 1(b). There are 20 Å
13
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Fig. 2. The band structures of bulk g-C3N4 (a) and CNNR (b). The Fermi level is denoted by the red dashed line. The corresponding band gap is indicated in the ﬁgure.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. The most stable structures with one eOH (a), two eOH (b), one ]O (c), and two ]O (d) attached at the center of CNNR.

generation of electron-hole pair under visible light irradiation, diﬀerent
type of oxygen groups attached at diﬀerent positions are calculated as
follows and their corresponding band structures are also discussed.

in the following band structure calculation, and the band gap changes
are discussed. As shown in Fig. 2(b), the presence of edges would reduce the band gap of g-C3N4, which would improve the generation of
electron-hole pair under visible light irradiation signiﬁcantly.
To understand the eﬀects of oxygen functional groups on the
14
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Fig. 4. The band structure of the CNNR attached one eOH (a), two eOH (b), one ]O (c), and two ]O (d) at the center.

addition, the Fermi level together with the new top of valence band
shift to the conduction band and reaches near to the bottom of the
conduction band at higher concentration of eOH group, which would
reduce the band gap width sharply. This phenomenon indicates that gC3N4 with higher oxygen groups concentration may have the better
generation of electron-hole pair.
When the concentration of ]O increases, as comparing the band
structures in Figs. 2(b), 4(c) and (d), the Fermi level and valence band
do not shift obviously, the conductive band shifts down and up slightly
after one ]O and two ]O attaching, and the new band slightly below
the Fermi level is caused by ]O. Therefore, the functional groups including NeOH and N]O attached in the center of the nanoribbon may
result in narrower band gap width, and additional NeOH in the center
of CNNR will signiﬁcantly reduce the bandgap width of CNNR. This also
demonstrates that the generation of electron-hole pair of g-C3N4 with
eOH is superior to that with ]O.

3.1. Oxygen groups functionalized at the center of CNNR
Typical oxygen groups, including eCOOH, eOH and ]O, attached
at the center of the CNNR were ﬁrstly investigated. As shown in
Fig. 1(b), N atoms at positions 2, 3, 5, 6, 8 and 9 near a hole in the
center of the nanoribbon bind with two C atoms, while other N atoms,
such as at positions 1, 4 and 7, bind with three C atoms, i.e. these N
atoms near the hole are more active due to the unsaturated bonds. In
this way, eCOOH, eOH and ]O have higher possibility to attach to the
N atoms at positions 2, 3, 5, 6, 8 and 9.
All possible positions for oxygen group, including C atom positions,
were considered and geometry was optimized. It is found that the
eCOOH group is dissociated and forms ]O bond with the N atoms,
while eOH and ]O can exist stably at the N atoms near the holes.
Therefore, one eOH or ]O group attached on the N atom at sites 1–9 in
Area A of Fig. 1(b) is calculated respectively.
After geometry optimization, it is found that both eOH and ]O
prefer to attach on the N atom at Site 3, where the two conﬁgurations
have the lowest total energies respectively for the two oxygen groups
attachment, and the corresponding structures are shown in Fig. 3(a)
and (c). To understand the eﬀect of the concentration of oxygen group,
two eOH or ]O groups are attached in the center of CNNR with the
second eOH or ]O group attached on an N atom in the Areas A–C
(Fig. 1(b)). After structure relaxation, the favourite conﬁgurations for
two eOH or ]O groups attached at the center of CNNR are shown in
Fig. 3(b) and (d). In order to understand the eﬀect of oxygen groups on
the generation of electron-hole pair, the corresponding band structures
for the conﬁgurations in Fig. 3 are shown in Fig. 4, respectively.
As shown in Fig. 4, it is obvious that, at low concentration of the
oxygen groups, the band gap width of CNNR with attaching one eOH or
]O decreases from 1.25 eV to 1.09 eV or 0.99 eV, respectively. If increasing the concentration of the oxygen groups, i.e. attaching two eOH
or ]O on the CNNR, the band gap decreases sharply to 0.08 eV for the
case of CNNR with two eOH groups, while the band gap increases a
little to 1.22 eV for the case of CNNR with two ]O atoms. Through
comparing the band structures in Figs. 2(b), 4(a) and (b), new band
appears slight above the Fermi level, which is the new top of the valence band and should be caused by the attached eOH groups. In

3.2. Oxygen groups functionalized at the left edge of CNNR
To further investigate the eﬀect of the positions of oxygen groups
and tendency of bandgap change at CNNR edges, the stability of CNNR
functionalized by oxygen groups (eCOOH, eOH and ]O) at both
edges, including big zigzag edge (left side) and small zigzag edge (right
side), is investigated, and the model for the calculation is shown in
Fig. 1(b). As mentioned above, oxygen groups may prefer to attach to N
atoms (these functionalized groups are simply as NeCOOH, NeOH and
N]O), the inﬂuences of these oxygen groups at the left edge of CNNR
were then investigated. Fifteen possible attaching sites for a single
oxygen group at the left edge were indicated as 1′–15′, which is shown
in Fig. 1(b).
After structure relaxation, the most stable conﬁgurations of CNNR
with NeCOOH, NeOH and N]O attached at its left side are shown in
Figs. 5(a), 5(c) and 5(e), respectively. If further increasing the concentration of the oxygen groups, i.e. two NeCOOH or NeOH or N]O
attached on the left edge, the most stable structures were also calculated and shown in Fig. 5(b), (d) and (f), respectively. These optimization results indicate the stability conﬁguration of NeCOOH or NeOH
or N]O at the left edge.
15
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Fig. 5. The most stable conﬁgurations of CNNR with one eCOOH (a), two eCOOH (b), one eOH (c), two eOH (d), one ]O (e) and two ]O (f) attached at the left
side of the nanoribbon.

After the structure optimization, the corresponding band structures
of CNNR with diﬀerent oxygen groups at left edge and diﬀerent concentrations are showed in Fig. 6. When single NeCOOH or NeOH or

N]O is attached respectively at the left edge of CNNR, the band gap of
these functionalized CNNR decreases obviously. The band gap of CNNR
is reduced to 0.39 eV with eCOOH attached, 0.34 eV with eOH
16
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Fig. 6. The band structures of CNNR attached one eCOOH (a), two eCOOH (b), one eOH (c), two eOH (d), one ]O (e) and two ]O (f) at the left side of the
nanoribbon.

attached and 0.04 eV with ]O attached, and the corresponding band
structures are shown in Fig. 6(a), (c) and (e), respectively. Therefore,
the oxygen group of NeCOOH on the left edge shows the best performance for reducing the band gap of the CNNR. Similar to the cases of
attaching at the center of the CNNR, the oxygen groups are able to
cause new band near the Fermi level. The new band is between the
conduction band and valence band, but more close to the conduction
band for the cases of attaching eCOOH and eOH, while the new band
and the Fermi level are almost next to the valance band for the case of
attaching ]O. Therefore, as shown in Fig. 6(a) and (c), the appearance
of the new band can signiﬁcantly reduce the bandgap in the cases of
functionalization by NeCOOH and NeOH. However, when single N]O
is functionalized at the left edge of CNNR, the new band is much close
to the valance band. Hence the bandgap between conduction and valance band only shows a slight reduction. In other words, attaching
NeOH and NeCOOH groups at the left edge of CNNR may be able to
achieve a better performance of the generation of electron-hole pair.
Inﬂuences of oxygen groups at diﬀerent concentration levels on the
band structure of the CNNR are also evaluated. When two eCOOH or
eOH or ]O are attached on the left edge of CNNR, the band gap width
reduces sharply to 0.03 eV (eCOOH) and 0.01 eV (eOH), respectively.
Compared with the band structure of the CNNR functionalized by single
oxygen group, it can be seen that one more band appears near the Fermi
level when these groups are attached. The Fermi level of the

functionalized CNNRs also shifts upward slightly and locates between
the two bands caused by the two eCOOH or eOH groups. Due to the
two bands close to each other, the corresponding bandgap reduces
sharply. However, when two ]O were attached on the left of CNNR,
the bandgap does not change obviously. As shown in Fig. 6(f), the two
bands caused by the two ]O below the Fermi level are closed to the
valance band. Therefore, attaching eCOOH or eOH at the left edge of
the CNNR is also a promising way to reduce the band gap of g-C3N4 and
improve the performance of the generation of electron-hole pair, the
higher the concentration, the better the performance it would have.
However, the attachment of ]O does not aﬀect much on the generation
of electron-hole pair.
In addition, it is also possible that the oxygen groups may replace
the H atoms (the H1 site in Fig. 1(b)). After relaxation, it is found that
the eCOOH group is not stable at H1 sites. The most stable conﬁgurations with eOH and ]O attaching are shown in Fig. 7(a) and (c),
respectively. The corresponding band structures are shown in Fig. 7(b)
and (d), where the band gap for the cases of eOH and ]O are 1.27 eV
and 1.26 eV, respectively, which are slightly higher than the band gap
1.25 eV of CNNR without oxygen-containing groups. The inﬂuence of
CeOH and C]O on the bandgap are consisted with the experimental
result [28], i.e. the existence of CeOH and C]O at the edge of CNNR
could be able to increase the band bap width of g-C3N4.
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Fig. 7. The most stable atomic structure of CNNR with eOH at H1 site (a) and the corresponding band structure (b), the most stable atomic structure of CNNR with ]
O at H1 site (c) and the corresponding band structure (d).

attached, two new bands appear, and the Fermi level is located between
the two bands. The band gap thus reduced sharply. For the case of ]O,
both of the new bands are close to the valance band, and the Fermi level
is at the top of the new bands, which result in only slight change of the
band gap.
In addition, at the right edge, the situation of oxygen groups replacing H atoms (the H site at the right edge in Fig. 1(b)) is also considered. After structure optimization, all of the replacement of the three
oxygen groups at the site of the H atom showed acceptable stability,
and the most stable structure is shown in Fig. S2. The changed band
gaps (Fig. S3) for the cases of eCOOH and eOH are all 1.25 eV, which is
consistent with the bandgap of CNNR without oxygen groups. The most
stable conﬁgurations with ]O attaching are shown in Fig. 10(a) and
(c), respectively. The corresponding band structures are shown in
Fig. 10(b) and (d), where the bandgap for the cases with one and two ]
O are 0.72 eV and 0.10 eV, respectively, which are much lower than the
band gap 1.25 eV of CNNR without oxygen-containing groups. Increasing the concentration of ]O, would narrow the bandgap width
sharply. In other words, the functionalization of ]O, which replaces H
atoms at the right edge, can also reduce the bandgap and improve the
generation of electron-hole pair. Therefore, attaching eCOOH or eOH
and ]O replacing H atoms at the right edge of CNNR can reduce the
band gap obviously, and increasing the concentration would narrow the
band gap sharply. In other words, ]O replacing H atoms and attaching
NeCOOH and NeOH on the right edge of CNNR can be able to improve

3.3. Oxygen groups functionalized at the right edge of CNNR
Possible sites for single oxygen groups (eCOOH or eOH or ]O
attached to the N atoms) at the right edge of CNNR were further investigated. All the possible sites considered are marked as 1″–6″ in
Fig. 1(b), and it is found that the three oxygen-containing groups all
prefer to attach at site 3″, and their most stable conﬁgurations are
displayed in Fig. 8(a), (c) and (e), respectively. The concentration eﬀect
of the oxygen groups on the right edge is also considered, and the favourite conﬁgurations of the CNNR with two eCOOH or eOH or ]O at
the right edge are displayed in Fig. 8(b), (d) and (f), respectively.
The corresponding band structures are shown in Fig. 9(a–f). Similar
to the case of attaching oxygen groups at the left edge, attaching any
one of the oxygen groups (eCOOH or eOH or ]O) at the right edge can
also reduce the band gap. The band gap is reduced to 0.23 eV for the
case of eCOOH, 0.17 eV for the case of eOH and 0.10 eV for the case of
]O. If further increasing the concentration of oxygen groups, i.e. two
eCOOH or eOH or ]O attach on the right edge, the band gap reduces
sharply to 0.11 eV and 0.06 eV for the cases of eCOOH and eOH, respectively. On the contrast, the band gap increases a little from 1.15 to
1.16 eV for the case of ]O if doubling the concentration of the oxygen
group. The changing mechanism of bandgap is also similar to the case
of the left edge, i.e. the presence of eCOOH and eOH can induce new
band near the Fermi level, which also locates in between the conduction
and valence band, thus reducing the bandgap. If two eCOOH or eOH
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Fig. 8. The most stable structures of CNNR with one eCOOH (a), two eCOOH (b), one eOH (c), two eOH (d), one ]O (e) and two ]O (f) attaching at the right side
of the nanoribbon.

the performance of the generation of electron-hole pair signiﬁcantly.
However, computational calculations in this work are at ideal
conditions with vacuum environment, while g-C3N4 is purely

monolayer. In experiment, g-C3N4 may have few layers or multilayers,
and in solution or gas environment. If considering the environment or
layer thickness eﬀect, the results may be diﬀerent. Due to complexity of
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Fig. 9. The band structure of CNNR attaching one eCOOH (a), one eOH (c), one ]O (e), two eCOOH (b), two eOH (d) and two ]O (f) at the right side of the
nanoribbon.

oxygen groups, and a variety of attaching positions, such as edges and
center of g-C3N4 of nanoribbons, were considered. In this study, the
eﬀects of oxygen groups on g-C3N4 of photocatalytic performance can
be understood. It is found that only NeOH and N]O can be stably
attached at the center of CNNR, and all the three types of groups are
stable at the edges. NeCOOH or NeOH can signiﬁcantly reduce the
band gap of CNNR and the bandgap would narrow sharply at high
concentration of these oxygen groups, regardless the position of the
attached oxygen groups. However, attaching ]O alone does not change
the band gap much, unless replacing H atoms at the right edge. The
presence of eCOOH and eOH can induce new band near the Fermi
level and the new band locates between the conduction and valence
bands, thus reducing the band gap remarkably. Therefore, the functioned oxygen groups can tune the band structure of g-C3N4, thus tuning
the generation of electron-hole pair of g-C3N4. Through this work, the
mechanisms of higher performance of nanostructured g-C3N4 can be
understood and it provides fundamental guidance to improve its performance for the potential photocatalytic applications.

these factors, their eﬀects will be discussed in our following works. In
this study, the aim is to understand the mechanisms of high photocatalytic performance of nanostructured g-C3N4 based on the tuning of
band gap, providing fundamental references to design of carbon nitride
based semiconductors with tunable band structure to achieve the ideal
generation of electron-hole pair. On the other hand, the reduction of the
band gap may also facilitate the recombination of the excited electronhole pair. Previous studies report that the reduction of band gap of gC3N4 can improve the photocatalytic performance remarkably based on
the both theoretical and experimental studies [12,33]. In other words,
eﬀect of the enhanced electron-hole pair generation should be more
notable than that of their recombination.
4. Conclusions
In conclusion, DFT calculations were used to study the band structure of oxygen groups functionalized g-C3N4. Diﬀerent groups, including eCOOH, eOH and ]O, diﬀerent concentrations of the attached
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Fig. 10. The most stable structures of CNNR
with one ]O (a), two ]O (c) at H atom site, and
the corresponding band structures of CNNR with
one ]O (b), and two ]O (d) at H atom site on
the right side of the nanoribbon.
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