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ABSTRACT: Previous research has evidenced the insufficient efficiency in a
one-step modified photocatalyst for NO removal. In this article, a serial multistep
modification was explored to improve the NO removal activity of g-C;N,. In the
experiment, a g-C;N, photocatalyst has been successfully modified by Cu
elements three times on one continuous process. Meanwhile, results showed that
the serial multistep modifications could improve NO removal activity by g-C;N,,
step by step. The main active species in the g-C;N, system were h* and *O,~ but
they were h* and °OH in the three-modified g-C;N, systems. Moreover,
different mechanisms of activity improvement caused by the modified Cu in the
serial-modified samples were identified. In the first modified sample, Cu®* can
decompose H,0, molecules into *OH via a Fenton-like reaction. In the second
modified sample, the H,0, molecule is activated by Cu’ and decomposed into
‘OH by the generated photoelectrons. After the third modification, the
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CNCU2

synergistic effects of the N vacancy and Cu’ were identified, which significantly enhanced the photocatalytic NO removal
activity of g-C;N,. This study proposed that the serial multistep modification can be a promising method to improve the NO

removal activity of g-C;N, stage-by-stage.
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1. INTRODUCTION

Nitrogen oxide (NO,) from the combustion of fossil fuels is
one of the major air pollutants in cities."” Although NO,
consists of different types, such as N,0, NO, NO,, N,0;, and
N,Oys, 95% of NO,, pollutants are NO. The toxicity of NO can
gradually deteriorate people’s lungs and further trigger
respiratory system diseases such as lung cancer, emphysema,
and asthma.” Various technologies and methods (including
wet absorption, selective catalytic reduction, selective catalytic
oxidation, and photocatalysis.) have been developed for NO
removal. Among these, photocatalytic technologies are one of
the most promising methods for low concentration NO (ppb
level) removal because of its moderate reaction conditions,
convenient operation processes, and the abundance of solar
energy.” In a typical photocatalytic technology, photocatalysts
are the key roles because it produces large amounts of active
species for NO removal. To date, many kinds of photocatalysts
have been proven to be efficient in removing NO under light
irradiation.””'® However, the removal efficiency of these
photocatalysts cannot meet our expectations so far. For
example, some photocatalysts are restricted to low visible
light absorption abilities and low separation effects by
photogenerated carriers, while other photocatalysts are plagued
by photocorrosion.' "
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Therefore, many modification methods have been developed
to improve the NO removal activity of these photo-
catalysts.">~'® However, in previous studies, almost all
photocatalysts were revised by one-step modifications with a
single method. Further modifications that can produce faster,
higher, and stronger NO removal activities are untapped. Also,
it is suspected that a modification method with modified
materials will produce more effective activity than the same
modification method applied on the same material without
modification. Moreover, multistep modification using different
methods could potentially produce some synergistic effects to
further improve the NO removal activity of the photocatalyst.

Previous literatures have reported that the multistep
modification is an effective method to realize specific
modification or performance such as light-controllable
wettability properties.'”'® However, to the best of our
knowledge, there is no report regarding using multistep
modification methods to improve the NO removal activity of
a specific photocatalyst. Therefore, it is necessary to explore
the multistep modification of photocatalysts for NO removal.
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Figure 1. XRD patterns (a), partial enlargement of XRD patterns (b,c), and EPR spectra (d) of CN, CNCUI1, CNCU2, and CNCU3 samples.

In this work, layered graphitic carbon nitride (g-C;N,) was
chosen as the modification photocatalyst based on the
following reasons: (1) among numerous photocatalysts, g-
C;N, is a metal-free polymer semiconductor that is convenient
for synthesis and continuous modification; "> (2) the
modification of g-C;N, is worthwhile because it is a promising
photocatalyst in the NO removal field because of its chemical
stability and low cost;**”>° and (3) the band gap (ca. 2.7 eV)
of pure g-C3N, can tolerate a modest decrease or increase in
the band gap.”® Meanwhile, Cu has been considered as
promising catalysts because of its nontoxicity, environmentally
friendly, and natural abundance. Therefore, the divalent copper
ion (Cu®) was chosen as the dopant for the first-step
modification of g-C;N,. Cu®** can form a coordination complex
with ligands such as amidogen, which always distributes on the
surface and the edge of g-C;N,. Based on the first-step
modification, the second-step modification can be performed
by reducing the doped Cu** to Cu’. We will further investigate
if the Cu® obtained from coordinated Cu** may lead to higher
activity than free Cu®". Based on second-step modification, the
g-C;N, structure around Cu’ is more likely to decompose
under calcination conditions because of the “heat island effect”
(the temperature of one area is higher than nearby areas.) of
metal nanoparticles. Therefore, a third-step modification could
be launched by calcining the second-step-modified sample
under an inert atmosphere. After calcination, defects may
appear around Cu’ and produce the synergistic effects
associated with Cu’. This synergistic effect may improve the
NO removal of g-C;N, significantly.

In this study, g-C;N, modified by Cu** ions have been
synthesized by a continuous three-step process. Throughout
the modification process, each step modification was based on
the previous one. After the NO removal experiments, the
photocatalyst activity was observed to be a reverse order as
follows: third step-modified g-C;N, > second step-modified g-
C;N, > first step-modified g-C;N, > g-C;N,. More
importantly, the activity of the second step-modified g-C;N,
was much higher than its counterpart, which was generated
from the direct reduction of free Cu®*. Meanwhile, the activity

of the third step-modified g-C;N, was also much higher than
the sample, which was generated from direct co-calcination.
Thus, a series of experiments were designed to reveal the
mechanisms of improved activity in each step-modified sample.

2. EXPERIMENTAL SECTIONS

2.1. Synthesis of Samples. A g-C;N, was synthesized by solid-
phase synthesis. In a typical process, 3 g of melamine was placed in an
alumina crucible (30 mL) with a cover. Then, the crucible was heated
to 520 °C at the rate of 20 °C/min. After remaining at this
temperature for 4 h, a yellow product was formed in the crucible. This
was then ground into a powder and collected in a sample tube. This
sample was denoted as CN.

To fabricate the Cu*" coordination-modified g-C;N, samples, 1 g
of the CN sample was dispersed into 100 mL of distilled water. Then,
an appropriate amount of CuCl, was added to the above suspension
solution under stirring. Because the surface of g-C;N, is electro-
negative, the positive electricity of Cu** can be neutralized by the
electronegativity of the surface of g-C;N, (Figure SI, in the
Supporting Information). Additionally, the chloride ion cannot
remain in the g-C;N, structure because the negative charges repel
each other. During this process, the weight ratios of Cu**/g-C;N,
were controlled as 0.1, 0.3, 0.5, and 0.6 wt %. Subsequently, the above
mixtures were stirred for 4 h under dark conditions. After stirring, the
suspensions underwent centrifugation, washing, and drying (60 °C)
processes. Then, the Cu**-modified g-C;N, samples were produced.
According to the activity detection (Figure S2), the optimal weight
ratios of Cu®*/g-C3N, was 0.3 wt %. Therefore, the sample with the
weight ratios of 0.3 wt % was denoted as CNCUT1 (the real loading
content of Cu** measured by inductively coupled plasma atomic
emission spectroscopy was 0.091 wt % in the CNCUI sample).

The Cu’-deposited g-C;N, samples were prepared from Cu**
coordination-modified g-C;N, samples using the photodeposition
method. First, 1 g of the prepared CNCU1 sample was dispersed in
100 mL distilled water that contains 4 mL methanol. Then, this
suspension was illuminated by full spectrum light from a xenon lamp
for 4 h under continuous stirring. During the photoreduction process,
argon gas was continuously bubbled into and above the suspension to
eliminate the dissolved oxygen. After photoreduction, the above
suspensions underwent centrifugation, washing, and drying (60 °C)
processes. Finally, the Cu’-deposited g-C;N, samples were produced
and denoted as CNCU2. The synthesis of its counterpart (Cu’/g-
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Figure 2. Free energy of several possible modes of Cu®* doping CN (a); DOS of the CN (b); schematic illustration of the formation process of

CNCU1, CNCU2, and CNCU3 samples (c).

C;N,) that was generated from the direct reduction of free Cu** can
be found in the Supporting Information.

The prepared CNCU2 samples were placed into an aluminum
boat. This boat was then placed in a tube furnace and heated at 520
°C for 2 h under argon gas protection. After the calcination process,
the furnace with the sample was cooled to room temperature. Then,
dark yellow samples were obtained from the alumina boat. The dark
yellow samples were denoted as CNCU3. The synthesis of its
counterpart (Cu,/g-C;N,) that was generated from the direct
cocalcination can be found in the Supporting Information.

2.2. Photocatalytic Experiment. To investigate the photo-
catalytic activity of the samples, photocatalytic NO removal
experiments were performed in a continuous flow column-form
reactor (R = S cm, H = 10 cm). The reactor was made from Pyrex
glass with a quartz skylight. A prepared sample dish (R = 3 cm; H =
1.5 cm; weight = 22.2 g) was placed in the middle of the reactor. A
300 W Xe lamp with a 420 nm cutoff filter was chosen as the visible
light source. It was vertically placed above the quartz skylight in the
reactor (the distance between the light and the catalyst is 10 cm).
Meanwhile, the air stream contained 600 ppb of NO continually
passing through the reactor with the flow rate of 1 L/min. The change
in the NO concentration was continuously measured using a NO,,
analyzer (Thermo Scientific, 42i). The photos and diagram of the
reaction setup can be found in the Supporting Information (Figure
S3).

Other experiments including theoretical calculation, photoelec-
trochemical (PEC) experiments, determination of hydroxyl radical
and hydrogen peroxide, the trapping experiment, and characterization
can be found in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Structure and Composition Analysis of Photo-
catalysts. X-ray diffraction (XRD) was employed to
investigate the crystal structure of the resulting samples. As
shown in Figure la, the XRD pattern of g-C;N, displays two
peaks at approximately 13.0° and 27.4°. The peak at 13.0°
corresponds to the g-C;N, (100) crystal plane, which was
derived from the interplanar packing of triazine rings.
Meanwhile, the peak at 27.4° corresponds to the stacking of
the g-C;N, (002) crystal plane.”” When Cu** was doped in g-

C;N,, the peak at 13.0° for CNCU1 was almost unchanged,
indicating that the inner-plane structure of g-C;N, was not
damaged by Cu**. However, the peak at 27.4° for CNCU1 was
shifted toward a lower 20 value (Figure 1b), suggesting the
distance of the (002) crystal layer became larger. This enlarged
(002) crystal layer implied that Cu** may be introduced into
the interlayer of g-C;N, in the first-step modification. After the
second modification, Cu®>" was reduced to Cu’ by the
photogenerated electrons. However, no corresponding Cu’
peaks were observed from the XRD pattern of CNCU2, which
could be associated with the low Cu’ contents in CNCU2.
Compared with CNCU]1, the peak at 27.4° for CNCU?2 shifted
toward a higher 26 value and returned to the value in g-C;N,.
These phenomena indicated that the photoreduction could
transfer the position of the Cu element from the interlayer to
the surface. This point can be confirmed by the depth analyses
of Cu auger electron spectroscopies (AES, Cu LMM) of
(Figure S4). In CNCU1, the Cu?* could still be detected in the
inner parts about 20 nm depths. However, no Cu species could
be detected in the inner parts of CNCU2. These results
confirmed that the photoreduction could transfer the position
of the Cu element from the interlayer to the surface. For
CNCUS3, the 20 values of all the peaks remained unchanged
compared to CNCU?2. However, the intensity of the peak at
13.0° for CNCU3 was much weaker than for CNCU2 (Figure
lc), suggesting that the inner-plane structure of CNCU3 was
destroyed during the calcination process because of the “heat
island effect” (Cu nanoparticle as the “heat island”). Therefore,
the inner-plane structure of CNCU3 was destroyed, which was
confirmed by electron paramagnetic resonance (EPR)
detection. As shown in Figure 1d, g-C;N, had a strong EPR
signal because of the conjugate electrons in the crystal plane
structure of g-C;N,.”" After the first and second modifications,
the EPR signal increased because the delocalization of 7-
electrons increased.”” However, after the third modification,
the EPR signal of CNCU3 was unexpectedly lower than that of
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Figure 3. Survey spectra (a), Cu LMM spectra (b), N 1s spectra (c), and partial enlargement of N 1s spectra (d) of CN, CNCU1, CNCU2, and

CNCUS3 samples.

CN. This implied that the conjugate region decreased because
of the formation of the defects in the structure of CNCU3.

The types of these defects in CNCU3 depended on the
mode of Cu®* doping. Density of functional theory (DFT)
calculation was employed to investigate the energy of several
possible modes of Cu®" doping. First, we constructed a g-C3N,
crystal cell with a 15 A vacuum layer (Figure SSa). In this
crystal cell, it is assumed that Cu®* can exist in the interlayer or
on the surface of g-C;N, (Figure SSb—g). Regardless of the
interlayer or on the surface, Cu®* has three possible binding
objects, including C from the triazine ring, N from the triazine
ring, and the bridging N. The doping energy (Eyiding) Was
calculated with the following eq 1

Ebinding = E(CN/Cu) - E(CN) - E(Cu) (1)

where E(cn/cy), E(cny, and E(c,) represent the energy of g-C3N,
binding with Cu, the energy of pure g-C3N,, and the energy of
metal Cu, respectively. The calculation results (Figure 2a)
showed that the energy of Cu** binding with the bridging N
atom (on the surface: —2.3742 eV; in the interlayer: —3.5926
eV) was more negative than binding with C (on the surface:
—2.3736 eV; in the interlayer: —3.5172 eV) and N (on the
surface: —2.1342 eV; in the interlayer: —3.5962 eV) from the
triazine ring. The more negative energy means a more stable
system. Therefore, in the first-step modification, Cu®* was
mainly bound with the bridging N atom and existed in the
interlayer, corresponding with the results from the XRD
analysis. According to the density of the state (DOS) of pure g-
C;N,, the conduction band for g-C;N, is composed of an s
orbital and a p orbital of the bridging N atom (Figure 2b).
Therefore, Cu** could obtain photogenerated electrons from
the bridging N and then be reduced to Cu’. In other words,
Cu’ was covered on the bridging N after the second
modification (Figure 2c); then, Cu’ can induce the “heat
island effect” and damage the bridging N to form the N
vacancy during the calcination process (Figure 2c).

X-ray photoelectron spectroscopy (XPS) was performed to
further investigate the elemental composition and valence state

of different samples. Carbon, nitrogen, and oxygen could be
found in the survey spectra of all the samples (Figure 3a). AES
of Cu were used to study the chemical state of Cu in different
samples. From Cu LMM spectra, the Cu LMM peak could be
found from the three modified samples but not in that of CN,
indicating that elemental Cu was introduced into the
framework in the modified samples. However, the Cu LMM
peak in CNCU1 was different from that in CNCU2 and
CNCU3. In CNCU1, the Cu LMM peaked at approximately
917.6 eV because of Cu*",” confirming the Cu®* doping in the
first modification. Moreover, there is no particle on the surface
of CNCU1 according to the TEM image (Figure S6a).
However, as shown in the energy-dispersive X-ray spectrom-
etry images, Cu equally distribute on the surface of CNCU1
(Figure S6b,e). This information indicated that the nature of
Cu®" was cations. Meanwhile, the Cu LMM peaks in both
CNCU2 and CNCUS3 are at about 918.6 eV, which correspond
to a zero-valent Cu.>' This evidence supported that the valence
of copper in the second and third modified samples was zero.
According to Figure So6fg, the size of the Cu particle in
CNCU2 and CNCUS3 is about 10 nm.

In addition to the Cu LMM spectra, the high-resolution N
1s XPS spectrum was also analyzed. As shown in Figure 3c, the
peak of 398.4 eV could be attributed to the N atom from the
triazine ring, while the peak at 400.7 eV arises from the
bridging N atom (N—C;) or amidogen. After the first
modification, the peak of 400.7 eV shifted slightly by 0.2 eV
to lower binding energies, suggesting the increase in the N
atom electron density in N—C; or —NH,. This phenomenon
confirmed that the doped Cu** is bonded with the bridging N
atom. The high-resolution N 1s XPS spectrum of CNCU?2 is
similar to that of CNCU1. For CNCU3, a new peak appeared
at a high binding energy of 404 eV (Figure 3d), which was
assigned to the N defect, confirming that the N vacancy
formed in the third modification and coexisted with Cu’. To
confirm the formation of N vacancy in CNCU3, elemental
analysis was used to study the contents of carbon and nitrogen
in different samples. The content of carbon and nitrogen in the
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g-C3N, sample are 34.40 and 59.06%, respectively. Meanwhile, induced the formation of N vacancies in CNCU3 during the

the content of carbon and nitrogen in the CNCU3 sample are calcination process.

36,49 and $4.59% divelv. Th lar ratio of nit . 3.2. Activity Analysis of Photocatalysts. The photo-
77 and 9T, respectively. Lhe motar tahio of mitrogen to catalytic activities of the as-prepared samples were evaluated

carbon (N/C) in g-C;N, and CNCU3 are calculated as 1.5 based on the NO removal activity. As shown in Figure 4a,
and 1.3, respectively. This result confirmed that Cu’ particles CNCUL1 displayed a higher activity than pure g-C;N,. The NO
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removal activity was increased by greater than 1.2 times when
CNCUI1 was transformed into CNCU2. Moreover, the NO
removal rate of CNCU3 was further improved from 0.45 to
0.51 after calcination under an inert atmosphere. The activity
of CNCU3 was 2.08 times (which is a huge boost in the
continuous flow reactor), higher than that of CN. The above
data implied that the further modification of the modified
photocatalyst could possibly improve the photocatalytic
activity of the photocatalyst (Figure 4c). This regularity
could also be found in the H,0, generation (Figure S; as
described in a later section) and rhodamine B (RhB)
degradation (Figure S7; as described in the Supporting
Information). To test whether a modification method used
on a modified sample is superior to the method used on an
unmodified sample, we synthesized the counterpart of CNCU2
and CNCU3 (Cu’/g-C;N, and Cu,/g-C;N,). The NO
removal activities of Cu’/g-C;N, and Cu,/g-C;N, (Figures
4b and S8a) were only six-tenths and seven-tenths of CNCU2
and CNCUS3, respectively, suggesting that the modification
method applied on a modified material will produce higher
activity strengthening effects than that of the same method
applied on the same material that has not undergone the
modification (Figure 4c). The reasons will be analyzed later.

The concentration of NO, produced was also monitored.
When the NO removal got to the equilibrium, the cumulative
produced NO, in CN, CNCU1, CNCU2, and CNCU3 were
570, 480, 270, and 160 ppb, respectively (Figure S9a).
Meanwhile, the generation of NO;~ was confirmed by
analyzing the washing solution of the used sample via ion
chromatography. From the test results, the produced NO;™ in
the washing solution of used CN, CNCU1, CNCU2, and
CNCU3 were 2.2, 4.6, 6.2, and 6.8 ug/L, respectively (Figure
SOb). After the calculation, it is found that the formed NO,
and NO;™ could meet with the consumed NO, indicating no
other products in the NO removal process. Based on above
results, the NO, conversion rate of CN, CNCU1, CNCU2,
and CNCU3 were 44, 25, 11, and 6%, respectively. Meanwhile,
the NO;~ conversion rate (NO to NO;~) of CN, CNCU1,
CNCU2, and CNCU3 were 56, 75, 89, and 94%, respectively.

To test the stability of different samples for NO removal,
photocatalytic NO removal cycles were performed with CN,
CNCU1, CNCU2, and CNCUS3 under fixed conditions. After
five cycles, the NO removal capacities of all the samples
remained constant (Figure S10), indicating that the photo-
catalytic activities of all the samples would be stable with
repeated use.

3.3. Mechanism Analysis of Activity Enhancement.
To investigate the possible mechanisms of photocatalytic NO
removal over different samples, active species scavenging
experiments were performed. According to Figure Slla, the
main contributors to NO removal on g-C;N, are h* and *O,".
However, Figure S11b—d shows that the NO removal activities
on three modified samples were mainly dependent on h* and
*OH (the detailed analysis can be found in the Supporting
Information). These phenomena suggested the modifications
changed the NO removal pathway.

In the active species scavenging experiments, it can be
concluded that NO was removed by holes and reactive oxygen
species (ROSs such as *O,~ and *OH). Therefore, the role of
photogenerated electrons was reasonably speculated to
produce ROSs from the reduction of O,. Previous reports
showed that the photogenerated electrons from g-C;N, can
reduce O, to *0,~ (eq 2),** which may be further reduced to
H,0, (eq 3) and *OH (eq 4). To further investigate the
mechanism of NO removal, a fluorophotometer was employed
to detect H,0O, and °*OH over different samples. Under
darkness, no H,O, or *OH signals can be detected in the g-
C;N,, CNCUI1, CNCU2, or CNCU3 systems. Under light
illumination, the ROSs produced in different samples are
different. In the g-C;N, system, only H,0, can be detected,
and no *OH can be found (Figure Sa,b). The generated H,0,
gradually increases with the irradiation time. However, in the
other three modified sample (CNCU1, CNCU2, and
CNCU3) systems, both H,0O, and *OH can be detected
(Figure Sc—h). According to a previous report,”> *OH can be
generated through an electron reduction pathway (eq S) or
hole oxidation pathway (eq 6) (Figure 5i). However, the
valence band potential of g-C;N, (1.4 V) is far smaller than the
redox potential of *'OH/OH™ (2.3 V), suggesting that holes are
unable to oxidize OH™ to form *OH. Therefore, *OH in the
three modified sample systems is generated from the
decomposition of H,0,. This can be confirmed by the
changing trends for H,O, and *OH. The amount of H,O, in
the three systems increases and then tends to balance over
time (Figure Sj), suggesting H,0, can be decomposed in the
three systems. With the balance of H,O,, the amount of *OH
showed an increasing trend in the three modified sample
systems. This indicated that *OH is generated from the
decomposition of H,0O, in the three modified sample systems
as the following equations shows

0, +e - °0,” (2)
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*0,” + 2H" + ¢ - H,0, (3)
H,0, + e~ - *OH + OH™ (4)
H,0, + e~ - *OH + OH™ (5)
OH™ +h" - *OH (6)

Based on the changing trends for H,0O, and *OH in the g-
C;N, system, it could be inferred that it is difficult for H,0, to
decompose on the g-C;N, surface, which can be explained by
the results from the DFT calculation. A g-C;N, unit cell with a
(001) vacuum layer was constructed to simulate the activation
of H,0, on the surface of g-C;N,. In this vacuum layer, an
H,0, monocular was located randomly (Figure 6a). Then, this
unit cell with a vacuum layer and H,0, monocular was
optimized. After optimization, we noticed that the change in
the H,0, bond (O—0) length is very minor (Figure 6¢c), and
it demonstrated that it is difficult to decompose H,0, on the
surface of g-C;N,.

Although it is difficult to decompose H,0, on the surface of
g-C;N,, it can be decomposed into *OH on the surface of the
CNCU1, CNCU2, and CNCU3 samples. According to
previous reports, Cu’* can decompose H,0, into *OH via a
Fenton-like reaction (eqs 1 and 2).** Therefore, the detection
of *OH in the CNCUI system was reasonable. Because Cu’
does not induce the Fenton-like reaction, we speculate that
H,0, can be activated on the Cu® surface. In this case, H,O,
can be easily decomposed into *OH by the generated
electrons, which can be transferred from g-C;N, to Cu’.
This can be proven by the previous DFT calculation. To
simulate the activation of H,0, on the surface of Cu’, a Cu’
unit cell with a (001) vacuum layer was constructed. In this
vacuum layer, an H,0, monocular was located randomly
(Figure 6¢). Then, the unit cell with the vacuum layer and
H,0, monocular was optimized. After optimization, the H,O,
bond (O—O0) length had increased from 1.480 to 2.967 A
(Figure 6d), suggesting that H,O, can be activated on the
surface of Cu’. The Fenton-like equations are shown in eqs 7
and 8

Cu’* + H,0, —» Cu* + °0,” + 2H" 7)

Cu* + H,0, » Cu*" + *OH + OH" (8)

To explore the mechanism for the activity improvement
induced by the three modifications, the specific surface areas of
the different samples were compared. This is because a bigger
surface area contained more active sites, which is directly
related to more photocatalytic activities. The specific surface
areas of the different samples were evaluated by N,
adsorption—desorption isotherms, as shown in Figure S8b.
According to the IUPAC classification, all samples exhibited
type V isotherms, indicating the presence of mesoporosity in
the sample. Meanwhile, the surface areas of CN, CNCUI,
CNCU2, and CNCU3 were 5.6, 5.7, 5.5, and 5.4 mz/g,
respectively. These similar surface area values suggested that
the improved NO removal activity was not related to the
specific surface area.

In addition to the specific surface area, the optical properties
of the photocatalyst can also significantly affect the photo-
activity of the photocatalyst. Therefore, UV—vis diffuse
reflectance spectra were employed to investigate the light
absorption abilities and band gaps of the different samples. As
shown in Figure 7a, the absorption edge of CN is 450 nm.
After the first modification, the absorption edge of CNCU1
had a red shift based on g-C;N,. However, this red shift
disappeared when Cu®* was transferring to Cu’, indicating the
red shift of the absorption edge after the first modification was
caused by Cu®* doping. Meanwhile, the second modification
can recover the absorption edge from a long wavelength to that
value of pristine g-C;N,, suggesting that Cu® does not affect
the absorption edge of g-C;N,. More interestingly, the
absorption edge of the third modified sample (CNCU3)
showed the red shift once again. It is believed that this red shift
was caused by the N vacancy generated in the third
modification. The band gaps of CN, CNCUI1, CNCU?2, and
CNCU3 are calculated to be 2.81, 2.73, 2.81, and 2.75 €V,
respectively (Figure 7b). The red-shift absorption edge and the
decrease in the band gap in the first and third modifications
can be explained by the DOS calculations. Compared with the
structure of CN, an impurity level appeared in the band gap of
CNCU1 because of Cu 2p (Figure 7c), while a defect level
appeared in the band gap of CNCU3 (Figure 7d). Because
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impurity levels and defect levels can decrease the excitation
energy of a semiconductor, the red-shift absorption edge and
the decrease in the band gap in the first and third modifications
can be explained.

After photoexcitation, the photogenerated electrons are
likely to return to the valence band and recombine with the
photogenerated holes. To investigate the separation rates of
the photogenerated electrons and holes in the different
samples, the photoluminescence (PL) spectra of different
samples were studied (Figure 8). Based on the results of the
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Figure 8. PL spectra of different samples and the mechanisms of
lower PL intensities on CNCU1, CNCU2, and CNCU3.

light absorption and band gap, the following three hypotheses
were proposed: (i) the emission peaks of CNCUI1 and
CNCU3 may shift to longer wavelengths than that of CN
because of their lower band gaps; (ii) the PL intensity of
CNCU1 may be stronger than that of CN because the lower
band gap can induce more electron excitation; and (iii) the PL
intensities of CNCU2 and CNCU3 may be shorter than that of

CN because both Cu® and the N vacancy function to trap
electrons. After the tests, hypothesis (i) and (iii) are supported
by the testing results. However, the testing results opposed
speculation (ii), implying that Cu®" can capture photo-
generated electrons or promote the transfer of photogenerated
electrons.

To investigate the transfer efficiency of photogenerated
carriers in different samples, photocurrent was measured (as
shown in Figure 9a,b). It can be observed that the
photocurrent density of CNCU1 is higher than that of CN,
suggesting that Cu’* can improve the transfer of electrons—
not just capture the electrons. After the second modification,
CNCU2 showed a higher current density than CNCUI,
indicating that the promotion effect of Cu’ was greater than
that of Cu®*. However, the photocurrent density of Cu’/g-
C;N, was smaller than that of g-C;N,. This phenomenon
confirmed that the Cu’ generated in the second-step
modification was more effective than that generated from
direct reduction. The differences between CNCU2 (Cu’-g-
C;N,) and Cu’/g-Cy;N, may be related to the size of Cu’
(Figure S12; the detailed analysis can be found in the
Supporting Information). Cu’/g-C;N, and N,/g-C;N, also
display a lower current density than CN in Figure 9b, which is
consistent with our previous report that N vacancy can capture
and confine the electrons.”® Based on this result, it is
speculated that the photocurrent density of CNCU3 will not
exceed the photocurrent density of g-C;N,. However, the
photocurrent density of CNCU3 is much larger than the
photocurrent density of the other samples as shown in Figure
9a, revealing the synergistic effect exists between Cu’ and the
N vacancy (Figure 9c). Although the N vacancy is believed to
capture and confine the electrons, it could actually transfer
electrons to the embedded Cu’ Then, Cu® could transfer
electrons to adsorbed O, or H,0,. As a result, the carrier
transfer efficiency in different samples is ranked as follows:
CNCU3 > CNCU2 > CNCUI1 > CN. This can be further
proven by electrochemical impedance spectroscopy (EIS) as
shown in Figure 9d.
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4. CONCLUSIONS

In this article, a new method that successfully synthesized g-
C;N, samples using serial multistep modifications was
introduced. This process began with the coordination of
Cu’" as the first-step modification (CNCU1). CNCU1 then
underwent an in situ reduction to produce Cu’-deposited g-
C;N, (CNCU2). Finally, CNCU2 was calcined under argon
gas to construct the coexistence of an N vacancy and Cu’
(CNCU3). In CNCU1, the Cu®" ions can decompose H,0,
into *OH through a Fenton-like reaction, thus improve the
NO removal activity of g-C;N,. In the CNCU2, more *OH can
be produced because Cu’ can activate H,0,. Therefore, the
NO removal activity of g-C;N, could be further improved. In
the CNCU3 system, the synergistic effects between the N
vacancy and Cu’ could enable CNCU3 produce more *OH
than CNCU2. As a result, CNCU3 displayed the best NO
removal activity. The results of the current study could
illuminate future studies on serial multistep modification that
can improve the NO removal activity of g-C;N,.
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