A\

Ulster
University

Plasma-treatment of polymeric carbon nitride for efficient NO abatement under visible
light

Zeng, Q., Ni, J., Mariotti, D., Lu, L., Chen, H., & Ni, C. (2022). Plasma-treatment of polymeric carbon nitride for
efficient NO abatement under visible light. Journal of Physics D: Applied Physics, 55(35), [354003].
https://doi.org/10.1088/1361-6463/ac782d

Link to publication record in Ulster University Research Portal

Published in:
Journal of Physics D: Applied Physics

Publication Status:
Published online: 22/06/2022

DOI:
10.1088/1361-6463/ac782d

Document Version
Author Accepted version

General rights

Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy

The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 30/06/2023


https://doi.org/10.1088/1361-6463/ac782d
https://pure.ulster.ac.uk/en/publications/c2aab303-2215-4b6f-9e7f-c00f2c8dbef4
https://doi.org/10.1088/1361-6463/ac782d

Plasma-treatment of polymeric carbon nitride for efficient NO abatement under

visible light

Qimiao Zeng ?, Jiupai Ni 2, Davide Mariotti ®, Lanying Lu ¢, Hong Chen 2, Chengsheng Ni 29 *

a College of Resources and Environment, Southwest University, Beibei, Chongging, China, 400715

b School of Engineering, Ulster University, Jordanstown Campus, Shore Road, Newtownabbey,

Northern Ireland, UK

¢ Chongging Technology and Business University, Nan’an district, Chongqing, 400067 China

d National Base of International S&T Collaboration on Water Environmental Monitoring and

Simulation in Three Gorges Reservoir Region, Chongqing 400716, China

Email: C.N.: nichengsheg@swu.edu.cn

Abstract

Photocatalysis is considered to be efficient in combatting emission nitrogen oxide (NOx), which is one
of the atmospheric pollutants affecting human health. Polymeric carbon nitride (PCN) is a low-cost
polymeric photocatalyst with a 2-dimensional structure that is sensitive to the visible sunlight in the
solar spectrum, but its photocatalytic efficiency needs to be enhanced for the purpose of pollutant

abatement. In this study, PCN was treated using a facile ambient pressure dielectric barrier discharge


mailto:nichengsheg@swu.edu.cn

(DBD) plasma in air, Ar and Ar-5% H. flow. According to the spectroscopic characterization and NO
removal tests, the DBD plasma did not destroy the crystal structure of PCN, but improved the
separation efficiency of photogenerated charges and enhanced the capacity of NO abatement. The
plasma treatment in Ar-5% H, showed an optimal removal efficiency of 69.19% and a selectivity for
nitrate of 90.51% under visible light irradiation. The hydrogen plasma etched the PCN surface,
resulting in more defects (carbon vacancies) and carbonyl group on the surface, while the air plasma
was found to increase the suspending —NOx bonding on the surface for the increased NOx emission
under illumination. The generation of high-energy electron and reactive radicals in the electrical

discharges could cause the surface modification of PCN for efficient photocatalysis.

Keywords: Polymeric carbon nitride; DBD plasma; NO removal; visible light photocatalysis

1. Introduction

Nitrogen oxides (NOx) are hazardous contaminants, originating from the combustion of fossil fuels
and are responsible for environmental problems such as acid rain, photochemical smog, haze, and so
on 1. Nitrogen monoxide (NO) as the most common NOXx is very stable and cannot be photodegraded
directly under visible light irradiation 2. Semiconductor photocatalysis is a green technology that
utilizes sunlight for the decomposition of air pollutants at ambient conditions and can play an

important role in environmental applications 3.

PCN has shown application prospects in photocatalysis due to the advantages of a suitable band gap,
high chemical stability and unique 2-dimensional (2D) structure % °>. However, the small specific
surface area and rapid recombination of photogenerated charges ® 7 required additional effort to

improve the photocatalytic activities. The reported methods of enhancing the photocatalysis of PCN
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include metal/nonmetal doping & 2, structural regulation 1% 1, vacancies or defects introduction 1% 13,

heterojunction construction 4% and recombination with semiconductors 7' 18, As the photocatalytic
oxidation of NO is a superficial reaction, the surface modification could be desired to decrease the
effort in energy consumption and capital investment for a high removal efficiency and selectivity for

the production of nitrate.

Plasma discharges operated at an atmospheric pressure are commonly used to synthesize or surface
engineering of a wide variety of materials 1°. DBD is a type of atmospheric pressure plasma discharges
and characterized by short-lived micro-discharges across large surface areas 2°. DBDs have been
carried out to modify catalysts by tuning the electronic structure, enhancing the hydrophilicity, and
promoting the dispersion of the active component or creating a new active phase 2. The large fluxes
of plasma species could lead to changes in surface structure and morphology, and the resultant active
site for the catalytic reactions on the surface ?2. In addition, DBD plasma preparation can reduce
photo-generated electron-hole recombination and cause more surface defects, which are beneficial
to photocatalysis 23. The surface physical chemical properties are change by adjusting the processing
time and input power of plasma to enhance the catalytic activity 2* 2°. Thus far, studies on plasma
modified PCN for NO abatement have received sporadic attention, and the effects on the surface

properties under different atmosphere have not been reported.

In this work, PCN was treated by DBD under different atmospheres (air, Ar and Ar-5% H>) to explore
the effects on catalyst surface, physicochemical properties and photocatalytic activity. A series of
characterizations was used to evaluate the influence of plasma treatment on the surface properties,

such as physical characteristics, chemical bonding states, optical and photoelectrochemical properties.



The plasma-treated PCN showed higher removal efficiency under visible light irradiation of NO than
the pristine PCN, results from the optimization of the surface properties induced by plasma treatment.
Our work demonstrates an effective modification strategy for enhancing the visible light

photocatalytic activity of PCN as a popular 2-dimensinal photocatalyst.

2. Experimental

2.1. Catalysts preparation

The pristine PCN was prepared by a thermal polymerization of melamine precursor. 5 g of melamine
(chemical pure, KESHI) was calcined at 550 °C for 4 hours with rate of 5 °C min~ in a ceramic crucible
with a cover in a muffle furnace. The sample taken was ground into yellow powder (noted as PCN-0).
0.3 g of PCN-0 was dispersed in deionized water and the suspension was spread on a quartz plate
(diameter of 70 mm, thickness of 2 mm) to prepare a coating. The quartz and the coating was baked
in an oven for 15 min at 60 °C to evaporate the residual water. The DBD plasma reactor consisted of
a high voltage power supply (JMAC-P30-20 mA, JEMAN, Dalian, China) and a plasma reactor
composed of two parallel circular stainless steel plate electrodes (diameters of 50 mm and 160 mm),
a fluororubber O ring (diameter of 105 mm, thickness of 5 mm) and an upper quartz cover (diameter
of 110 mm, thickness of 2 mm) between the electrodes (Figure 1). The reactor was not under vacuum,
so the humidity was consistent with the atmospheric environment. The discharge plasma was
initiated at room temperature in air or at a constant Ar or Ar-5% H, flow (100 mL min~?). The feed gas
to the DBD plasma reactor was air or Ar, which creates an oxidation or inert atmosphere, respectively.
H, plasma was used to product strong reducing species 2°. 5% percent of H in Ar was used based on

safety considerations. The discharge was sustained with an alternating voltage of 0.7 kV and a
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frequency of 9.9 kHz. The DBD process was applied for 30 min to obtain PCN-30 Air/Ar/Ar-H,. The

plasma treated PCN on quartz was directly used for the future characterization unless specified.

AC power supply

:]— .

High voltage

1] 1]
Gas flow meter

TE - ax

I

e m— wp> (G35 exhausted
Ar [H, Stainless steel plate

Figure 1. Schematic diagram of the DBD plasma reactor used for the treatment of PCN.

2.2. Characterization

The crystallinity of PCN powder samples scraped from quartz plates was verified by XRD (Persee, XD-
3, China) with Cu Kq ray (A = 1.54178 A) and their diffraction patterns were measured at an angle of
260from 10° to 70°. The morphology and microstructure of the assembled samples were investigated
by scanning electron microscopy (SEM, Zeiss Sigma500, Germany). The Brunauer-Emmett-Teller (BET)
specific surface areas were analyzed by N; adsorption & desorption experiment on an ASAP-2020
(Micromeritics Instrument, USA). The surface of the monolithic photocatalyst was characterized using
XPS (ESCALAB 250Xi, USA) using monochromatic Al Ko X-rays (1486 eV) for the overall survey and

high-resolution core level of C1s, N 1s and O 1s. The functional groups and structure of the monolithic



photocatalyst were examined by FTIR (Thermoscientific Nicolet iS20, USA). The total C, H, O and N
content was measured on an elemental analyzer for organic materials (ElementarVario Micro Select,
ElementarAnalysensysteme, Germany). A commercial fiber-coupled spectrometer (Ocean Optics Inc,
USB4000, USA) was used to measure the emission spectra of electronically excited species generated
during the DBD treatment. Thermal stability of the reactant and polymer products was carried out
using the thermogravimetric analysis (TGA) on a NETSCHZ F3 thermogravimeter (Germany) from
room temperature to 800 °C under flowing air. The equal proportion sample was attached to a small
quartz plate (diameter of 23.5 mm, thickness of 2 mm) for DBD treatment, and then directly installed
on a UV-1800 spectrometer (MACY, China) to carry out the UV-vis spectra, employing BaSOs as the
reference. Photoluminescence spectroscopy (PL) of the coated samples in air was obtained on a 2D
CCD (charge-coupled device) array spectrometer (Control Development, USA) with a 365 nm
excitation laser on an integrating sphere. Electron paramagnetic resonance (EPR) signals were

recorded with a Bruker A300 spectrometer at room temperature (298 K).

2.3. Photocatalytic NO removal

The photocatalytic experiments of NO removal at ppb levels were performed at ambient temperature
in a stainless steel continuous flow reactor with a quartz window of 8 cm in internal diameter. The
reactor was fed with mixed air (1 L min~t) and NO (100 ppm in Ar), and the NO gas flow was adjusted
to achieve a [NO] of 1 ppm. Humid air was generated by passing the air through a water bath. Flowing
water was used to maintain the temperature of the reactor to be around 20 °C. The NO and NO;
concentration of the effluent was continuously measured using a NOx analyzer (MIC-600, Eranntex

electronics, Shenzhen, China). The reactor was illuminated for 30 min using a light-emitting diode



(LED) lamp (FL, 19-Ill, 100 W) with photons > 400 nm after 5 minutes’ equilibration in the dark.

The NO purification efficiency (77) and selectivity for ionic species (Si) were defined as follows 2’

n=- T&f’“t) x 100% (1)
S;=(1- [NO—‘““) x 100% 2)

[NOJin—[NOlout

2.4. Photo-electrochemical measurement

The photocurrent and Mott-Schottky were obtained on an electrochemical workstation (Zennium Pro,
Zahner, Germany) in a conventional three electrodes configuration with the synthesized samples as
the working electrode, a gold mesh as the counter electrode, Ag/AgCl as a reference electrode, and
Na2SO4 (0.5 M) aqueous solution as the electrolyte, respectively. The working electrodes (2 cm?) were
prepared by spreading a slurry form 5 mg of samples, 25 uL of PEDOT and 50 uL of water on FTO glass
with glass rod using adhesive tapes as spacers %2, After drying in ambient air, the photoelectrodes
were dried at 150 °C for 30 min. Mott-Schottky was measured using electrochemical impedance
spectroscopy (Zannium Pro, Zanher, Germany) in the dark condition in a 3-electrode configuration in
1M NazSOs electrolyte, and the frequency range for the 10 mV sine wave was 1 MHz to 1 Hz. The
potential of Mott-Schottky measurement using Ag/AgCl reference was converted to standard

hydrogen electrode (SHE) for a comparable analysis with literature.

3. Results

3.1. Optical emissions of the plasma

The optical emission from the plasma relates to specific excited atoms and molecules (Table S1) and

the corresponding spectra (Figure 2) are not significantly impacted by the presence of the samples
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under flowing air, Ar and Ar-5% H,. In the air DBD plasma, dominant nitrogen bands and emission
from NO are observed in the system along with weak emission from Hq and Hg and O. In the case of
Ar, strong OH was found beside the emissions in the spectral range 318-467 nm dominated by N»
bands 2% 3%, The N2 bands could be ascribed to the leakage in the setup the release of N from PCN.
Strong emissions in the range from 700 nm to 900 nm were mainly attributed to Ar and others in the
near UV region were assigned to Ar 31, The unique peaks for C; species (513 nm), Hq (664.6 nm) and
Hp (484.1 nm) 32 in the presence of PCN under Ar indicate that there could be C removal from the
sample during the plasma treatment. The presence of OH observed in argon and 5% H; could induce
the replacement of —NH; group in PCN 33, The wide emission peak for Hp is very evident as a result of

the high Hz concentration in 5% Ho.
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Figure 2. In situ optical emission spectra for air, Ar and Ar-5% H; plasma (100 mL/min) with and

without PCN at room temperature.

3.2. Structure and composition analysis

The XRD (Figure 3(a)) 34 of all samples showed distinct peaks at a 20 of 12.8° and 27.4° for the (100)
8



and (002) crystal plane, respectively, indicating that the plasma treatment did not change the crystal
structure of PCN. The main peak at around 27.4°, in the inset of Figure 3(a) and corresponding to an
interlayer distance of the tri-s-triazine layer 3> 3¢, shows a shift to high angle direction as a result of
the decrease in corresponding interlayer spacing 3’. The d-spacing of the (100) plane (Figure 3(b)) 38
was found to expand with the plasma treatment while the one of (002) plane shrank during the

treatment 3°. The variation in the d spacing could be the creation of carbon vacancies during the

plasma treatment. °
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Figure 3. (a) XRD patterns for the pristine and plasma-treated PCN; (b) the corresponding d-spacing

of the (100) and (002) crystal plane calculated from XRD.

The BET surface area (Sger) of PCN-0is 22.61 m?/g and slightly decreased under DBD plasma treatment:
17.16, 22.39 and 18.96 m?/g for PCN-30 in air, Ar and Ar-5% H>, respectively. As the Sger is measured
on the powdered sample, while the plasma would be more intense effect on the superficial layer of
the coating, SEM images (Figure 4) of the surface of the coating could be more representative of the

effect of plasma. The morphology of PCN-0 is composed of agglomerates of stacked blocks with
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irregular pores inside. The DBD plasma increased the pore size under Ar plasma while the plasma in
air or 5% Ha created fine particles or sheets on the surface of large plates. As there are reactive species,
i.e. oxygen and hydrogen in air and 5% H», respectively, which caused the polishing of the surface
layer for the fine particles, while the hot electrons in Ar plasma would cause the polymerization of

the PCN for larger particles only and smaller surface area.

Figure 4. SEM images of PCN-0 (a), PCN-30 Air (b), PCN-30 Ar (c) and PCN-30 Ar-H; (d).

The full XPS survey spectra of all the samples (Figure 5(a)) indicate that they are mainly composed of
the C element and the N element, as well as a small amount of the O element. The higher intensity
of O 1s and lower intensity of C 1s and N 1s of Ar-plasma treated PCN could be caused by the

transformation of carbon-containing or nitrogen-containing groups to new active oxygen-containing
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species. In the high-resolution XPS spectrum of C 1s (Figure 5(b)), two peaks appear at the binding

energy of 284.8 eV and 288.2 eV, corresponding to the sp? hybridized C—C bond and the N=C—N bond

in nitrogen-containing aromatic ring, respectively. The reduction in the peak corresponding to the

C—C bond of the plasma-treated PCN in air and Ar-5% H; indicates the introduction of carbon

vacancies via sputtering. 4
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Figure 5. High-resolution XPS spectra for (a) survey, (b) C 1s, (c) N 1s and (d) O 1s of the pristine and

plasma-treated PCN.
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There are four characteristic peaks in the N 1s region (Figure 5(c)) at 398.7, 399.9, 401.2 and 404.2
eV that can be assigned to the sp?-hybridized aromatic N (C—N=C), tertiary nitrogen (N—(C)3), N in the
C—NHz structure and oxidized nitrogen (N—0) #2. In the O 1s spectrum (Figure 5(d)), the characteristic
peaks at 533.4 eV and 532.0 eV correspond to —OH and C—0 or N—-0O. A new peak for at C=0 530.7 eV
was found in the plasma-treated PCN %3. The increase of C=0 indicates the plasma treatment caused
the hydrogenation of C—OH %*. For PCN-30 Ar, the intensity of oxygen-containing groups increases,

mainly formed by the reaction between adsorbed water or oxygen on the surface and the active

species produced by Ar plasma %°.

The atomic composition from XPS of PCN showed a decreased C/N atomic ratio after the plasma-
treated samples in air and Ar-H; but an increase in argon (Figure 6(a)). However, the C/N ratio
calculated by elemental analysis of the powder by scratching samples was nearly unchanged after

plasma (Table S2), indicating that DBD treatment only affected the very surface of the catalysts.
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Figure 6. (a) Superficial atomic composition from XPS and (b) FTIR spectra of PCN.

In order to measure the composition and chemical bonding of samples, the FTIR was obtained over
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the PCN coating. The O—H and N—H bands in the FTIR spectra (Figure 6(b)) at 3250 cm~* and 3080
cm™! %6 decreased after plasma. The absorption peaks at 1200—-1700 cm~! were related to stretching
vibrations of the aromatic CN heterocycles 4/, while the bands at 1320 cm™! and 1240 cm™! were
attributed to the tertiary (N—(C)s) and secondary (N—(C)2) amine fragments “¢. The peaks at 890 cm™
and 810 cm™ belonged to deformation mode of N—H components and vibration of the CN

heterocycles for the tri-s-triazine subunits 4°.

The TGA curve (Figure S1) indicated that all samples began to lose weight after 500 °C, and the
differential TGA (dTG) peaked at 630 °C to 680 °C under flowing air. The thermal stability of plasma
treated samples was better than the pristine PCN, which is related to the removal of —OH group that

could provide oxygen for the combustion of triazine ring.

3.3. Optical Characterizations

In-situ environmental PL spectrum of samples (Figure 7(a)) at 365 nm under air was used to study the
guenching effect of O, on the photo-generated electron-hole pairs. The intense and broad PL
emission centered at near 468 nm was typical for PCN. °° The combination of electrons with O, would
decrease the emission as the consumption of hot charge carriers. The plasma-modified samples
showed similar PL spectra to original PCN, whereas their intensities are obviously lower, indicating

plasma decreased the recombination of photo-generated electron-hole.
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Figure 7. (a) Environmental PL spectra under air; (b) UV-vis diffuse reflectance spectra; (c) tauc plots

for an indirect band gap and (d) EPR spectra of PCN.

PCN-0 showed the typical absorption spectrum of graphitic carbon nitride semiconductor with an
absorption boundary at about 468 nm >, and slight red-shift of the absorption bands was observed
for modified samples (Figure 7(b)). The forbidden bandwidth of the catalysts is about 2.51 eV
calculated by the tauc plot of (ahv)Y/2 vs photon energy (Figure 7(c)), indicating only a short-time

discharge treatment results in a lower O-doping content and a lighter physical breakdown between
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the layers, which is insufficient to cause a change in the optical band gap of the catalyst. >2

The EPR spectra (Figure 7(d)) depict that PCN displays a Lorentzian line with the g-factor of 2.0024,
stemming from the unpaired electrons on the carbon atoms of the aromatic rings >3. It is noted that
the intensity of EPR signal over the PCN-30 Ar-H; is stronger relative to PCN-0, which is attributed to
the generation of carbon vacancies improves the efficiency of electron-hole separation 4. The XPS
results also confirmed that carbon vacancy was introduced to PCN-30 in Ar-5% H;. The increased

quantity of unpaired electrons improved the efficiency of photoexcited carrier separation °°.

3.4. Photoelectrochemical measurement

Photoelectrochemical characterization was carried out to further evaluate the charge separation and
interfacial charge-transfer properties °6. The fast photocurrent responses are observed in all the
studied electrodes under visible light irradiation (Figure 8(a)). The photocurrent intensity of plasma
modified samples is significantly higher than that of PCN-0 (1.19 pA cm™2), indicting the generation
of more photoelectrons and the better interfacial charge transfer and higher efficiency in the
separation of photoinduced separation of electron-hole pairs after plasma. Furthermore, the decay

that appears at the transient photocurrent peak implies a fraction of photogenerated electrons and

holes are recombined ’.
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Figure 8. (a) Steady-state chronoamperometry at 0.5 V versus Ag/AgCl reference under dark and

illuminated condition; (b) Mott-Schottky plots and (c) the apparent band structure of PCN.

Electrochemical Mott-Schottky test is performed to evaluate the band positions of photocatalysts to
confirm the photocatalytic mechanism. The positive slopes of Mott-Schottky results as shown in
Figure 8(b) suggest that all samples are typical n-type semiconductors. The flat potentials as
represented by the x intercept of the linear region for PCN-0, PCN-30 Air, PCN-30 Ar and PCN-30 Ar-
H> are estimated to be —0.73 V, —0.96 V, —1.00 V and —0.86 V (vs. SHE). As it is widely accepted, the
flat potential of n-type semiconductor is lower 0-0.1 eV than that of the conduction band (CB)
potentials. Therefore, the CB potentials are —0.78 V, —1.01 V, —1.05 V and —0.91 V (vs. SHE) as the
difference is set as 0.05 eV. The promoted CB maximum position of PCN-30 can provide
photogenerated electrons with reductive capability for excellent photocatalytic performance >2.
According to the CB potential and the bandgap values extrapolated by UV-vis spectra, the valence

band (VB) potentials are estimated to be 1.73V, 1.50V, 1.44 V and 1.57 V (vs. SHE) as shown in Figure

8(c).

3.5. Photocatalytic activity

Figure 9(a) displays the concentration of NO and NO; of PCN in air plasma for 10, 30, 60 and 120
minutes, while the measurement with bare quartz (Figure S2) does not show any sign of NO removal.
The NO and NO; concentration of the plasma-treated PCN suddenly increased in the first 1 minute of
the light reaction, but the phenomenon was alleviated with the lapse of time. One reason may be the
dissociation of the compound containing N and O produced in air plasma. For another, NO was

oxidized to NO2 by OH. From the results of the FTIR and atomic composition of air plasma, O—H
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decreased and O content increased, speculating that N—O adsorbed to produce functional groups. A
more severe increase in the content of NOx occurred without NO injecting (Figure 9(b)), suggesting

that functional groups were unstable to convert into NO and NO> under light.
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Figure 9. NO removal and NO; generation under LED lamp (> 400 nm) of PCN after different duration
of plasma treatment in air (a) with or (b) without 1 ppm NO in wet air; (c) NO and NO; concentration
of PCN treated in Ar and Ar-5% H, for 30 minutes under an air flow containing 1 ppm NO; (d) NO

removal efficiency (7) and selectivity for ionic species (Si) of PCN in different conditions.

However, this is not the case in argon and hydrogen plasmas (Figure 9(c)), suggesting that N-O

modification have adverse effects on performance. The photocatalytic performance of all
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photocatalysts (Figure 9(d)) concluded that the DBD treatment on the surface of PCN can effectively
remove NO, especially in Ar-5% H», which shows that 77 increases from the original 46.95% to 69.19%
and Si improves from the original 51.50% to 90.51%. But what we cannot ignore is that the results of
air plasma are obtained on the basis of the adverse effects of N—O modification. The photocatalytic
stability measurement (Figure S3) showed no obvious decrease in the activity was observed after the
cyclic experiments for 3 runs of 30 minutes each, indicating that the plasma-treated PCN exhibit good

photocatalytic stability for NO removal under visible light.

4. Discussion

DBD plasma induces surface modification that depends on the gas used for the plasma treatment. A
high voltage is applied across the electrodes in the gas to create energetic plasma electrons which are
then responsible for the generation of reactive radicals and ions % ©%; these plasma species can
interact with solid catalysts and reactants. In the emission spectroscopy of air plasma, an obvious NO
was found as a result of the activation and reaction between N, and O,. The generation of N atoms is
also possible in air plasma ©*. High energy electrons were able to produce NOs~ or NO;~ on the surface
of ethanol in our previous study 2. The discharging of air can produce a range of radicals such as OH,
H, NO and subsequently lead to the formation of HONO. NO and NO; are released by the
photodissociation of HONO under illumination 3, which is consistent with the observation of direct

emission of NO and NO; even in an air flow without NO input:

HONO + hv —» NO ++ OH (3)

The presence of NOx related species can also be proven from the omission of initial NO; emission

after PCN was annealed at 300 °C for 30 minutes after DBD (Figure S4).
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OH is clearly present in Ar and Ar-5% H; discharges as shown from plasma emission spectroscopy. The
relative intensity of the OH band (from XPS and FTIR) in PCN treated in air plasma is much less than
the one in pristine PCN and the one treated in Ar and Ar-5% H, plasma %4, but extraordinarily high
content of nitrogen and oxygen could be related to the adsorbed NOx-related species on the surface

during the plasma treatment.

lonization of Ar gas will produce Ar* ions and free electrons due to the plasma glow discharge. The
accelerating electric field provides more energy to the free electrons, which effectively reduce NO.
Furthermore, Art ions continuously etch the PCN matrix, resulting in more defects (carbon vacancies)
and oxygen-containing groups. Considerable amounts of —OH are presented in electric discharges
burning in Ar plasma from spectroscopic analysis, confirming that —OH are also generated by argon
plasma . However, In the presence of H,, the surface —OH bond could react with the H radicals to

produce H>0 as a reverse for the production of amine group ©°.

In the process of photocatalytic reaction, the electrons on the valence band of PCN are excited under
an absorbed photon, leaving a photogenerated electron hole (h*) on the valence band ©’.
Photogenerated carriers can be reacted with O; and H;0 to produce active radicals, which oxidize NO

and NO; (reactions (4)-(9)) 8.

hv—-e  +h?* (4)
0,+e” - «0; (5)
NO +¢ 0; — NO3 (6)
H,0 + h* - H* +¢ OH (7)
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NO + 2 « OH - NO, + 2H,0 (8)

NO, +¢ OH - NO3 + H* (9)

The reaction of hot e~ with O, would produce «O, for the production of NOs~, while the h” on the
valence band could induce the production of OH radicals for the production NO>. The high selectivity
of PCN-30 Ar and PCN-30 Ar-H; for ionic species could be related to the high conduction band that
energetically favors the production of reactive oxygen species than the pristine PCN. On the other
hand, the poor S; of PCN-30 Air is ascribed to the adsorption of —\NOx on the surface for the production

of NO;, though it also showed higher flat band than the pristine PCN.

5. Conclusion

In summary, a plasma treatment is employed to modify the surface properties of PCN to enhance its
visible light photocatalytic performance and sustainability. OES supported the introduction of activity
species during plasma treatment. PCN treated in DBD plasma of air, Ar or Ar-5% H, showed similar
crystal structure than the untreated one but they presented distinct surface than the pristine one
depending on the atmosphere. Firstly, plasma treatment generally decreased the surface —OH
moieties on PCN that could be reason for the PL emission and increased the —C=0 bond. Secondly,
the surface defects created via plasma treatment effectively suppressed carrier recombination, as
indicated by the increased lifetime of PL emission and the stronger EPR intensity. Thirdly, plasma
treatment also increased the flat band energy of PCN for the production of a more reducing hot
electrons. However, the plasma in air was not suitable for the treatment of PCN because it is able to
produce NOx groups that would be released under illumination of visible light. The DBD plasma shows

a promise for surface modification and pollutant degradation using plasma-generated active species.
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