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ABSTRACT

The key issues in the CO, capture industry are the high energy and cost consumption during the capture and
regeneration process. Enhancing CO; adsorption and rapid desorption through switches sunlight irradiation is a
promising route. In this study, a series of carbon-doped boron nitride (BCN) adsorbents with different contents
were synthesized. The BCN presented a growing CO2 adsorption capacity under light irradiation, implying that
sunlight may become a key driving force for the low-cost COy capture. During the experiments, the best per-
forming sample BCN(1:3) showed 32 % and 28 % increase in CO, adsorption capacity after UV light irradiation
at 0.15 and 1 bar COy pressure, respectively. To explain this interesting phenomenon, a series of tests and an-
alyses had been conducted, such as EPR, Hall effect test and DFT computation. The results confirmed that the
enhanced CO absorption characteristics can be attributed to the photoelectric effects of generating more free
electrons, which enhanced Lewis alkalinity of BCN adsorbents and thus improved their CO5 adsorption capac-
ities. This work, for the first time, utilizes the photoelectric effect to increase the efficient capture capacity of

CO», opening up a new path for the design and research of COy capture materials.

1. Introduction

In recent years, climate change caused by the greenhouse effect has
become a major global challenge, and the frequency of extreme weather
events is also increasing. Most researchers believe that CO5 is the main
factor causing the greenhouse effect, so carbon neutrality strategies have
attracted increasing research interest.[1,2] High-efficient and low-cost
methods for separating, capturing, storing, and converting COy are
being widely studied. The usual CO2 capture method is wet washing
with strong alkaline liquid.[3] However, some issues with this method,
such as equipment corrosion, operational risks, and significant regen-
eration costs, limit its industrial applications.[4] Therefore, developing
fast, efficient, and environmentally friendly CO, solid adsorption ma-
terials and low-cost regeneration methods has also become very
important.

Boron nitride (BN) nanomaterials are excellent functional materials
for optoelectronics with excellent physical properties, high thermal
conductivity and high oxidation resistance.[5,6] These properties make
them very promising for various potential applications in areas such as
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optoelectronic nanodevices, photocatalysts and functional composites.
[7-10] In addition, BN nanomaterials have great potential for applica-
tion in the field of CO3 capture. The poor CO, adsorption capacity of
pristine BN nanomaterials is mainly due to the weak interaction between
electron-deficient BN and Lewis acidic CO,. However, element doping,
surface modification, or composite modification can effectively improve
the CO, capture performance of BN materials.[11-13] In order to
improve the CO; adsorption capacity of BN adsorbents, it is crucial to
change their electronic structure.[14] It has been reported that carbon
can be doped into BN adsorbents to produce ByCyN, materials, which is
thought to modulate the electronic structure of BN materials, thus giving
more active defects in BN materials.[15-17] This ByCyN, material is
considered to possess some characteristics of both hexagonal boron
nitride (h-BN) and graphene, such as containing both graphene and h-
BN structural domains, and its band gap can be modulated by changing
its doping concentration.[18,19].

Meanwhile, CO, as a Lewis acidic molecule, it prefers to accept
electrons rather than give them during the reaction. We can control the
adsorption/desorption of COy in BN nanomaterials by changing the
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charge state of BN nanomaterials. Light energy is a renewable and clean
energy source that combines the photoelectric properties of BCN with
adsorption properties. It is an attractive work to change the electronic
structure of BCN by light for photo-controlled CO. adsorption/
desorption.

Here, we achieved in situ carbon doping of BN materials by syn-
thesizing BCN under Ny atmosphere using a simple pyrolysis method.
And found that the band gap structure of BCN materials can be
controlled by changing the ratio of the medium raw materials. Based on
the unique photovoltaic properties of BCN materials, we had enhanced
the adsorption capacity of BCN adsorbents by irradiating them with UV
lamps under different CO, partial pressure conditions for the first time.
And various characterization analyses of this novel phenomenon were
carried out to explain the feasibility of photo-irradiated BCN materials
for enhancing CO5 adsorption.

2. Materials and methods
2.1. Materials and chemicals

Melamine (C3HgNe, 99 %) and barium sulfate (BaSO4, 99.99 %) were
purchased from adamas-beta (Shanghai, China) Chemical Reagent Co.
Boric acid (H3BOj3, 99.5 %) was purchased from Shanghai Tongya
Chemical Technology Development Co. Hexagonal boron nitride (h-BN,
99.5 %,325 mesh powder) was purchased from Alfa Aesar (China)
Chemical Co. SBA-15 molecular sieve (99 %) was purchased from
Jiangsu Xianfeng Nanomaterials Technology Co. The gases used in this
study, Ar (99.999 %), N3 (99.99 %) and CO5 (99.99 %) were purchased
from Shanghai Guanglin Gas Co. Deionized water was used in the syn-
thesis and testing process.

2.2. Synthesis of BCN adsorbents

A series of BCN adsorbents with different raw material ratios were
synthesized using boric acid (H3BO3) and melamine (C3NgHg) as the
boron and nitrogen sources, respectively. Specifically, 1.5 g of H3BO3
was dissolved in 150 ml of deionized water at 60 °C with constant
stirring until the solution was clarified. Then a certain amount (4.5 g, 3
g, 1.5 g, 0.5 g) of C3sNgHe was added to the above solution, and the
obtained solution was heated to 90 °C with continuous stirring until a
transparent solution was formed. The obtained transparent solution was
then heated in an electric blast furnace at 90 °C for 15 h, and then the
obtained white solid was ground into powder. Finally, the collected
white powder was loaded into a tube furnace and heated to 800 °C in an
N, atmosphere with a heating rate of 2 °C-min~"! for 6 h. The obtained
powder adsorbent was denoted as BCN(x:y) (x:y is the mass ratio of boric
acid to melamine). The preparation process of BCN material is shown in
Figure S1.

2.3. Characterization methods

The synthesized porous BCN adsorbents were characterized by
various methods.

The adsorbents were X-ray diffracted (Ultima IV, Ritani, Japan)
using Cu K,; radiation (A = 0.15418 nm) with a scanning speed of 8°/
min and a range of 10-90°for 26.

The BCN adsorbent was tested with a UV/Vis/NIR spectrophotom-
eter (lambda 1050+, Perkin-Elmer, USA) in the absorption mode of
200-800 nm to determine the UV-visible band light absorption of the
BCN material. Prior to each test, a background scan was performed using
a BaSO4 press sheet, and then the BCN adsorbents press sheet was
analyzed.

FT-IR (Fourier transform infrared) spectroscopy was performed with
an infrared spectrometer (Spotlight 400, Perkin-Elmer, USA) in the ab-
sorption mode of 4000 ~ 400 cm ™~ to determine the chemical bonds and
groups of the BCN material. The adsorbents were mixed with potassium
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bromide and then pressed into flakes for analysis.

Raman spectra of BCN absorbers were obtained using a Raman
spectrometer (in Via, Renishaw, UK) with a He-Ne laser at 780 nm with
an excitation power of 0.5 mW and a 1200 1/mm grating.

The X-ray photoelectron spectra (XPS) of the adsorbents were
monitored by an X-ray photoelectron spectrometer (ESCAlab250,
Thermo Fisher Scientific, USA), and the adsorbents were all surface
etched by Ar ion beam before testing. Charge correction was performed
with a C 1s photoelectron peak at 284.6 eV. The XPS peaks were
deconvoluted using XPS Peak software.

The morphology and structure of the adsorbents were photographed
by high resolution transmission electron microscopy (HRTEM) (JEM-
2100F, Jeol, Japan) and field emission scanning electron microscope
(FESEM) (S-4800, Hitachi, Japan) and energy dispersive X-ray energy
spectroscopy (EDS). The adsorbents were dispersed in ethanol by ul-
trasound, deposited on perforated ultrathin carbon films, and then
subjected to HRTEM analysis.

The nitrogen adsorption-desorption isotherms of the BCN-based
adsorbents were measured with a volumetric gas adsorption analyzer
(Autosorb iQ, Quantachrome, USA) to determine the mesoporous (2-50
nm) and macroporous structures (>50 nm). Prior to analysis, the ad-
sorbents were degassed at 120 °C under vacuum for 6 h.

The Hall coefficient and carrier concentration changes of BCN(1:3)
adsorbent before and after 365 nm UV irradiation were measured with a
Hall effect tester (HMS-7000, ECOPIA, Korea). After the light-free con-
dition test, the adsorbents were irradiated under UV lamp for 2 h, and
the Hall effect was tested again after the lamp was turned off for about 2
min.

CO,-TPD (Temperature Programmed Desorption) was measured in a
chemisorption analyzer (PCA-1200, Builder, China) with a quartz tube
reactor and thermal conductivity (TCD) to determine the basic center of
the BCN(1:3) adsorbent. Specifically, 50 mg of adsorbent was degassed
in N (30 ml-min 1) at 200 °C for 1 h. After cooling to room temperature
(25 °C), high-purity CO, (40 ml-min~1) was introduced and adsorbed for
2 h to reach adsorption equilibrium. Then the adsorbent was heated to
800 °C in N5 (30 ml-min Y ata heating rate of 10 °C-min~! and kept for
10 min, and the desorbed CO5 was detected by a thermal conductivity
detector (TCD).

The adsorbents were analyzed by in situ light analysis using a
paramagnetic resonance spectrometer (EMXnano, Bruker, Germany)
with a mercury lamp source (LOT-QuantumDesign GmbH) in the
wavelength range of 200-2000 nm.

Electrochemical tests were carried out on a CHI-660D electro-
chemical workstation with ITO glass, platinum wire, Ag/AgCl as
working electrode, counter electrode and reference electrode, respec-
tively. Before preparing the working electrode, 10 mg of powder
adsorbent was dispersed into 1 ml of ethanol, 50 pL of Nafion solution
with a mass fraction of 5 % was added and sonicated for 30 min to form a
homogeneous suspension. Then, the suspension was coated on ITO glass
and dried at room temperature. In addition, the electrolyte was 0.5 M
NaySO4 aqueous solution and the light source was a 365 nm UV lamp
(Power 30 W).

2.4. COy adsorption measurements

CO3 adsorption was performed on an iSorb HP2 instrument (Quan-
tachrome Instruments) at 298 K. High purity grade carbon dioxide
(99.99 %) was used for all adsorption measurements. Prior to the
measurements, the adsorbents were pretreated at 120 °C under vacuum
for 6 h. And the light source was a 365 nm UV lamp (Power 30 W). The
temperature increase of the material after irradiation with 365 nm UV
light is not more than 2 °C.

2.5. Theoretical calculation

The DFT calculations were performed using the VASP software
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(Specific calculations are in the SI theoretical calculations section). And
the elemental ratios of the model were matched to those of the actual
BCN (1:3) adsorbent, where the atomic numbers B:C:N:O = 16:10:15:19.
The injection of extra electrons in the DFT is added directly through the
NELECT setting in the VASP software. It is worth mentioning that the
DFT calculations in this work were confined to the introduction of 1
extra electron in a very small localized region. Therefore, the impact on
the system is significant. In practical experiments more free electrons are
produced after light irradiation, however the vast majority of the elec-
trons will quickly complex with holes and disappear. And only a small
fraction of the surface photo-generated free electrons will persist and
play a role in the light-induced adsorption enhancement.

3. Results and discussion
3.1. Characterization of BCN adsorbents

The morphology of the BCN adsorbents was investigated using SEM
and TEM. SEM images show that the main bodies of the synthesized BCN
adsorbents all display micron-scale band morphology (Fig. la and
Figure S2), which is typical of BCN morphology obtained from precursor
pyrolysis at high temperatures.

TEM images show that the BCN(1:3) adsorbents consist of a number
of band stacks as well as multilayer graphene-like sheets. Also, a uniform
distribution of porous structures on the surface can be observed, this
phenomenon also observed in other BCN adsorbents (Fig. 1b and
Figure S3). These porous structures are mainly caused by the release of
ammonia, carbon monoxide, nitrogen and some cyanide gas bubbles
during the pyrolysis of the adsorbents.[1,20] With increasing melamine,
the crystallinity of BCN(1:1), BCN(1:2) and BCN(1:3) gradually
decreased and the vortex layer structure became more pronounced
(Figure S4). The microscopic morphology of the worm-like microporous
network can be seen by HRTEM images, while the local FFT (Fast
Fourier Transform) transformation was performed to obtain an
amorphous-like diffraction pattern (Fig. 1c).
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The BCN(1:3) adsorbent whose corresponding EDS elemental map-
ping image is shown in Fig. 1d. The elements B, C, N and O are uniformly
distributed in the selected region, indicating that the BCN(1:3) adsor-
bent has residual carbon and abundant oxygen-containing functional
groups.

XRD images of BCN adsorbents with different raw material ratios
were shown in Fig. 2a. The adsorbents show two broad diffraction peaks
near 20 around 26° and 43°, which are attributed to the (002) and
(100) facets (PDF#34-0421) of h-BN, respectively.[21,22] The peak
near 26° is graphite-like layer stacking, and the peak at 42.5° is asso-
ciated with in-plane repeating units. All peaks are broad and narrow,
indicating defect-rich or turbo structures.[22] As the ratio of boric acid/
melamine in the raw material decreases, the intensity of the corre-
sponding diffraction peaks on the adsorbent (002) surface decreases
gradually; the peak widths become broader and move to lower 20
values. This indicates that as the melamine ratio in the raw material
increases, it leads to the introduction of more carbon, producing more
structural defects and increased interlayer distance.[1,23] The results
indicate that the preparation of BCN by pyrolysis is successful.

Fig. 2b shows the FTIR spectra of a series of BCN adsorbents. The
spectrum at ~ 1398 cm™! is attributed to in-plane B-N stretching vi-
brations from h-BN, and it can be found that their signal decreases
correspondingly with the decrease of the boric acid/melamine ratio.
This is due to the fact that the C atoms in melamine replace the B atoms
in boron nitride, thus causing the strength of the B-N bond to decrease
with increasing melamine content. The peak located at ~ 768 cm™! can
be attributed to the out-of-plane B-N-B bending vibration,[24] and the
peak here is only observed in the adsorbent of BCN (3:1). This was
attributed to the fact that BCN (3:1) had the least amount of carbon
doping and the lowest degree of disorder, and thus could still maintain a
certain h-BN structure. The result is consistent with the previous XRD
results that the adsorbent gradually transforms from h-BN (wide band
gap) to graphene (zero band gap) as the melamine content in the raw
material increases. And BCN materials belongs to the intermediate of
both materials, the ideal medium bandgap BCN material can be

Fig. 1. (a) SEM image of BCN(1:3); (b) TEM image of BCN(1:3); (c) HRTEM image of BCN(1:3), the amorphous diffraction pattern in the upper right corner is
obtained by local (red box) FFT transformation; (d) EDS diagrams of B,C,N and O elements of BCN(1:3). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) XRD pattern of BCN adsorbent; (b) FTIR spectrum of BCN adsorbent; (c) Raman pattern of BCN adsorbent; (d) XPS spectrum of BCN adsorbents.

synthesized by adjusting the raw material ratio. In addition, the peak at
~ 1080 cm ! can be attributed to the absorption band of -B-O.[25] The
position of the C = N absorption peak was detected near ~ 1670 cm ™"
[24] And a very faint small peak can be observed at ~ 2207 cm!
attributed to the stretching vibration of C=N,[26] this small peak is only
observed in BCN (1:1) and (1:2). From BCN (3:1) to BCN (1:2), there is a
constant increase in melamine in the feedstock and therefore a gradual
increase in the carbon content of the product. The C atoms continue to
displace the B atoms in the boron nitride and bond with N in a variety of
bonding modes including C = N as well as C=N. While in BCN (1:3)
sample, the high content of C atoms may make the C=N bonding content
in the surface layer of the sample almost disappear, making it difficult to
detect the corresponding C=N bonding signals by IR instruments. The
broad absorption bands at ~ 3209 cm ™! and ~ 3430 cm ™! should be
attributed to —OH and -NHy, respectively.[27].

The Raman spectrum of BCN adsorbent is shown in Fig. 2c. The
synthesized BCN adsorbents all have a distinct peak near 1367 cm >,
which is a typical Raman Epg4 peak for h-BN. Meanwhile the peak near
1296 cm™! can be attributed to the D peak of the carbon atom, which
mainly originates from the stretching vibration of the C-C bond and the
C = C double bond. And the intensity of the D peak reflects the pro-
portion of defects, structural distortions, and amorphous portions in the
sample.[28] Therefore, this can prove that there are more disordered
carbon structures present in the material, with a consequent increase in
the degree of defects. However, the diffraction intensity of BCN(3:1) was
very different from the other three BCN adsorbents.[21] This is due to
the fact that BCN(3:1) has the lowest carbon content compared to the
other three adsorbents (Table 1) and the highest crystallinity, so the
signal of the peak reflecting the degree of disorder in the crystalline
structure of the material in it is very weak. In BCN(1:1), BCN(1:2) and
BCN(1:3), the intensity of the Raman peak signal, which represents the

Table 1
Relative contents of B, C, N and O species of BCN absorbents obtained by XPS
surface analysis.

Adsorbents Boron (wt. Carbon (wt. Nitrogen (wt. Oxygen (wt.
%) %) %) %)

BCN (1:3) 27.44 17.33 24.87 30.36

BCN (1:2) 29.13 15.20 23.87 31.80

BCN (1:1) 30.83 14.14 26.30 28.74

BCN (3:1) 35.92 12.50 22.50 29.08

vibration mode of the B-N bond between the h-BN layers, gradually
decreases because their carbon content gradually increases and the de-
gree of structural disorder also increases, and this result is consistent
with the FTIR results.

The surface chemical states of the BCN adsorbents were analyzed by
XPS technique. Signals of B 1s, C 1s, N 1s and O 1s were clearly found in
the XPS measured spectra of BCN(3:1), BCN(1:1), BCN(1:2) and BCN
(1:3) (Fig. 2d). The four elements of the relative contents are listed in
Table 1. Fig. 3(a)-(d) show the deconvolution of the XPS spectra of each
chemical element. As shown in Fig. 3(a), the high-resolution B 1s spectra
can be deconvoluted into three peaks corresponding to B species in
different chemical environments. Two signal peaks at 190.3 eV and
191.0 eV can be attributed to the characteristics of the B-N3 and O-B-N2
structures.[22] The binding energy peak at 192.1 eV belongs to the
bonding feature of the B-O bond.[29-31] The structural features
belonging to the B-C bond at 189 eV are only observed in the BCN (3:1)
adsorbent, while the presence of C-B bond at 283 eV is only observed in
the C 1s spectrum for the BCN (3:1) adsorbent.[23] The C 1s spectra of
BCN adsorbents with different raw material ratios (Fig. 3b) can be
mainly deconvoluted into four peaks in the bonding configurations of C-
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Fig. 3. XPS spectra of B 1s (a), C 1s (b), N 1s (c) and O 1s (d) of series BCN adsorbents.

B (283 eV), C-C (284.6 €V), C-N (286.3 V) and C-O (288 eV), where the
C-B bond is only observed in the adsorbent of BCN (3:1).[32,33] The
main N 1s spectrum (Fig. 3c) signal peak originates from the N-B peak at
398.4 eV. In addition to this, there are two higher binding energy peaks
located at 399.3 eV and 400 eV, respectively. And they may come from
N-C and N-O or N-H bonding structures, respectively.[23,34] For the O
element (Fig. 3d), the peak located at 531.6-531.9 eV is attributed to the
O = C-O bond. While the peaks at 533.0-533.3 eV are attributed to the
O-B bonding configurations.[1,35] The XPS binding peaks for the O = C-
O bonds of BCN (3:1) are significantly lower compared to other higher
carbon doped BCNs, suggesting that as the carbon content increases, the
BCN material receives more electrons and therefore moves to a lower
binding energy position.

The carbon in BCN is mainly derived from the raw material with the

increase in the amount of melamine, the proportion of carbon in BCN
gradually increases, while the content of boron gradually decreases. This
trend of content change is not observed in the other two elements (N and
O) (Table 1), which we speculate may be due to the partial replacement
of B atoms by C atoms in melamine during the synthesis of BCN.

3.2. COg capture capacity under UV irradiation

Due to the Lewis acidity of CO, molecules, it is possible to enhance
the electron donating ability of the adsorbent through electron injection
strategy, thereby enhancing its adsorption capacity for CO,.[36] Carbon
doping can regulate the band width of BN materials, and the generated
BCN materials can be excited to generate photogenerated electrons
under appropriate wavelength irradiation. Furthermore, improve its
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adsorption capacity for CO, molecules. We first tested the semi-
conductor properties of the synthesized BCN material through Hall ef-
fect tests (Table 3), confirming its electron donating ability.
Subsequently, in order to investigate the enhanced characteristics of
CO, adsorption in BCN samples under light irradiation, we irradiated the
BCN with 365 nm UV lamp during the adsorption process to generate
more free electrons. Then we performed CO4 adsorption isotherm tests
on the synthesized BCN adsorbent at 298 K (without UV irradiation,
Fig. 4a and with UV irradiation, Fig. 4b). To visualize more changes in
CO4 uptake, we plotted the adsorption capacity of BCN adsorbents
before and after UV irradiation at 1 bar and 0.15 bar CO (Fig. 4c and
4d). Interestingly, the results showed that all adsorbents presented
remarkable increase in CO, adsorption capacity after UV irradiation.
Among them, the BCN(1:3) adsorbent showed the greatest improvement
after UV irradiation, and its CO5 adsorption capacity improved from
1.29 (0.53) to 1.66 (0.70) mmol/g, which is increased by 28.7 %(1 bar)
and 32.1 %(0.15 bar) compared to the dark tests, respectively. The other
three BCN adsorbents also showed a significant increase in COj
adsorption capacity after UV irradiation. At a CO partial pressure of 1
bar, the adsorption capacities of BCN (1:2), BCN (1:1) and BCN (3:1)
rose from 1.23 to 1.38 mmol/g, 2.04 to 2.38 mmol/g, and 0.63 to 0.78
mmol/g, with the growth rate of adsorption capacity of 14.6 %, 16.7 %
and 23.8 %, respectively. At a COy partial pressure of 0.15 bar, the
adsorption capacity of BCN (1:2), BCN (1:1), and BCN (3:1) were
observed to had increased from 0.48 to 0.54 mmol/g, 0.73 to 0.91
mmol/g, and 0.19 to 0.25 mmol/g, with growth rates of adsorption
capacity of 12.5 %, 24.6 %, and 31.5 %, respectively. The commercial
hexagonal boron nitride (h-BN) material, as a counterpart, has a low COy
adsorption capacity of 0.013 mmol/g due to its weak van der Waals
force bonding with CO,. The BCN (1:3) synthesized in this work has 99
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times higher adsorption capacity under CO, partial pressure of 1 bar and
25 °C, while it can have noticeable CO5 adsorption capacity increasing
under UV irradiation conditions. This is attributed to the doping of C and
O elements into the BN lattice to form a large number of lattice defects,
forming an n-type semiconductor material. As a result, the material
exhibits excellent optoelectronic properties, while the BN material does
not exhibit similar properties. Table 2 shows the comparison of the
adsorption capacities of h-BN and BCN materials before and after UV
irradiation at a CO, partial pressure of 1 bar and 25 °C.

3.3. Study the mechanism of UV light enhanced CO» adsorption

To explain the mechanism of enhanced CO, adsorption by BCN ad-
sorbents under UV light irradiation, we had characterized the light ab-
sorption properties as well as the photoelectric properties of BCN
adsorbents. The light absorption characteristics of the BCN adsorbents
were examined by UV-Vis diffuse reflectance spectroscopy, as shown in
Fig. 5a. The light absorption edge of the BCN adsorbent was gradually

Table 2
CO, adsorption capacity of h-BN and BCN adsorbents in the dark state and UV-
illuminated state at 1 bar, 25 °C.

Adsorbents ~ CO, adsorption capacity - in CO,, adsorption capacity - UV
dark state (mmol/g) irradiation state (mmol/g)

BCN(1:3) 1.29 1.66

BCN (1:2) 1.23 1.38

BCN (1:1) 2.04 2.38

BCN (3:1) 0.63 0.78

h-BN 0.013 0.013

Fig. 4. CO, adsorption isotherms of BCN adsorbent at 298 K before (a) and after (b) UV irradiation. Comparison of CO, adsorption before and after UV irradiation at
365 nm under 298 K, 0.15 bar (c¢) and 1 bar (d) CO, partial pressure (Data derived from the CO, sorption isotherms in (a) and (b)).
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Table 3

Hall effect test data of BCN(1:3) adsorbent before and after UV irradiation.
Adsorbent Resistivity (ohm-cm) Mobility (cm?/V-S) Carrier concentration (1/cm?) Hall factor (cm®/C) f-factor
BCN(1:3) without UV irradiation 0.7755 0.01678 4.80 x 10%° —0.01301 0.9872
BCN(1:3) after UV irradiation 0.7525 0.01675 5.42 x 10%° —0.00944 0.9872

Fig. 5. (a) UV-Vis diffuse reflectance spectra of BCN adsorbents with optical image insets. (b) Bandgap calculation of BCN on UV-Vis diffuse reflectance spectra. The
band gap is calculated based on the Tauc relation of (ahv)? = A(hv-E,), where o, h, v, A and E; refer to the absorption coefficient, Planck’s constant, optical fre-
quency, constant and band gap of the semiconductor. (c) Room temperature in situ light EPR spectra of BCN(1:3), the illustration in the upper right corner is a partial
enlargement. (d) CO2-TPD curves of BCN(1:3) during CO, adsorption without and after 2 h of UV light irradiation.

red-shifted with increasing carbon content. The optical inset in the
upper left corner of Fig. 5a shows the gradual light to dark color of the
adsorbent, indicating that the visible band absorption of the BCN
adsorbent also increases with rising carbon content. The h-BN without
heteroatom doping is a typical insulator with a band gap of about 5.6 eV.
[37,38] The band gaps of the synthesized adsorbents are smaller than
this value due to the doping of C and O elements. Based on the Tauc plot
in Fig. 5b, the band gap width of BCN(1:3) was estimated to be 1.71 eV,
and the bandgap values of BCN(1:2), BCN(1:1), BCN(3:1) increase
sequentially to 1.72 eV, 2.31 eV, and 3.88 eV, respectively. Long ab-
sorption tails in the visible light indicate the presence of in-band im-
purity jumps, possibly located at the surface.[39] All BCN adsorbents
exhibit excellent light absorption properties in the UV wavelength
range. The later photochemical characterization evidence can show that
the optical properties of BCN are sufficient to change the electronic

structure of the material by absorbing photons, generating more elec-
trons to enhance the adsorption of CO3 molecules.

To confirm whether light excites free electrons in the BCN adsor-
bents, we performed electron paramagnetic resonance (EPR) tests of
BCN(1:3) with in situ irradiation. As shown in Fig. 5c, a strong electron
paramagnetic resonance signal is detected for BCN(1:3) at a magnetic
field strength of about 343.4 mT, and the calculated g-value is about
2.003, which is symmetric and suggests that the g-value corresponds to
an isotropic homogeneous free electron species.[40,41] The EPR signal
of the adsorbent was enhanced with increasing time of light exposure.
When the adsorbent were continuously irradiated with mercury light for
0.5 and 60 min, the EPR peak intensity of porous BCN increased by
approximately 10 % and 16 %, respectively. Thus, irradiation of the BCN
adsorbents causes the accumulation of free electrons with time, and this
process does not increase linearly, and the accumulation of free
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electrons becomes slower with time. The enhancement of the signal may
be due to the release of captured charges under irradiation or the gen-
eration of electron-hole pairs.[39,42].

To further determine the effect of UV irradiation on the interaction
between BCN and CO,, we performed CO»-TPD tests on BCN(1:3) before
and after UV light irradiation. Generally, the basic centers are classified
into three types based on the desorption temperature, including weakly
basic centers (120-350 °C), moderately basic centers (350-600 °C), and
strongly basic centers (>600 °C).[43,44] The CO2-TPD plots of BCN(1:3)
adsorbents before and after UV lamp irradiation are shown in Fig. 5d,
where the desorption peak near 49 °C can be attributed to physical
adsorption arising from the specific surface area.[45] The signal of the
higher temperature desorption peaks shows a turning point at ~ 230 °C,
and we attribute the signal of the desorption peaks from ~ 100-230 °C
to the adsorption of —-OH groups and —-NH; groups, while the moderately
basic centers at higher temperatures are generated by structural defects.
[46-48] Specifically, under the initial conditions, the desorption peak of
the BCN(1:3) adsorbent at 360.8 °C should be caused by a large number
of defects generated by the carbon doping. Carbon doping can induce
the necessary negative charge on BCN. Thus, BCN with the necessary
negative charge can induce charge-induced chemisorption, which en-
hances the binding of CO; to the BCN(1:3) surface.[49,50] The
desorption peak of the BCN(1:3) adsorbent shifted toward higher tem-
peratures (from 360.8 to 410.9 °C) after UV irradiation. These results
suggest that UV irradiation enhances the binding strength of CO, to BCN
(1:3), specifically UV irradiation excites more negative charges in the
material, which makes the interaction stronger. Then we tested the
transient photocurrent response of a series of BCN adsorbents under UV
light to study the light responsiveness of these adsorbents (Fig. 6). Only
BCN (3:1) showed poor photocurrent response, while all other adsor-
bents showed good photocurrent response, indicating that carbon
doping facilitated the transfer of these photoexcited electrons to the BCN
surface.

Hall effect tests can further provide us with more quantitative insight
into the electron changes in BCN adsorbents before and after UV irra-
diation (Table 3). Since the Hall factor is negative in the test results
(Table 3), it indicates that the electrons in the BCN(1:3) sample are
majority carriers, thus it can be determined that BCN(1:3) is an N-type
semiconductor material. The resistivity of BCN(1:3) decreased signifi-
cantly after UV irradiation, and the carrier concentration increased from
4.80 x 10%°/cm® to 5.42 x 10%°/cm®, increasing the carrier concen-
tration by about 12.9 %. This is sufficient to prove that UV irradiation of
BCN material can make the material produce more free electrons,
enhancing the electron-donating ability of the material and strengthen
its interaction with COj. The slight decrease in mobility after UV

Fig. 6. Photocurrent versus time (I-t) curves of BCN adsorbents.
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irradiation is due to the increased scattering between carriers, which
hinders their free movement in the material. This scattering includes the
interaction between electrons and holes, as well as the interaction of
carriers with defects.

Based on our above characterization it can be demonstrated that the
BCN (1:3) adsorbent can be excited with more free electrons under UV
irradiation. In order to further verify whether the increase of free elec-
trons enhances the adsorption of CO5 on the BCN adsorbent, we carried
out a density functional theory (DFT) computation for this adsorption
system before and after the injection of additional electrons. This BCN
model is based on previous researchers’ DFT studies on the crystal
structure of C and O co-doped boron nitride, and the model and related
calculations had been successfully used to characterize such materials.
[27,51,52].

The elemental ratios of the model were matched based on the
elemental ratios of the actual BCN (1:3) adsorbent, where the atomic
numbers B:C:N:O = 16:10:15:19. We performed adsorption energy cal-
culations for BCN (1:3) adsorbent with CO, before and after injection of
electrons (with an additional injection of 1 e™) (Fig. 7). The O-B-N2 site
and B-N3 site were selected as adsorption sites, respectively. And the
changes of CO, adsorption energy at these two sites were observed
before and after electron injection. It can be found that the adsorption
energies of different adsorption sites were greatly improved after the
additional injection of 1 e, in which the O-B-N2 site was increased from
the initial —4.80 eV to —8.93 eV, which can confirm that the additional
free electrons can strengthen the adsorption strength of BCN adsorbents
with CO3, and thus improve the adsorption capacity of BCN adsorbent.

Based on the above analysis and findings, a rational mechanism for
the enhancement of CO2 capture capacity by light-induced BCN adsor-
bent was proposed. The mechanism of photo-induced generation of free
electrons to enhance the COy capture capacity is shown in Fig. 8. The
BCN adsorbents synthesized in this study is an N-type semiconductor
material, which can generate a large number of free electrons under
light irradiation. At the same time, the B atom in the BCN material serves
as the electron obtaining center, and the generated free electrons will
gather around the B atom. As a Lewis acidic molecule, the higher con-
centration of electrons in the local domain is conducive for the BCN
adsorbent to produce a stronger binding force on the CO5 molecule.
Meanwhile, in consideration of the lower thermal effect of UV light can
avoid the CO; desorption caused by the photothermal effect, we used UV
light for the first time to irradiate the BCN adsorbents when it adsorbs
COo, and the CO; adsorption capacity of BCN samples can be signifi-
cantly improved after UV irradiation.

4. Conclusion

In summary, we proposed and demonstrated a new strategy to
enhance the CO5 adsorption performance of solid adsorbent by light
irradiation. N-type semiconductor BCN materials were synthesized by a
simple high-temperature pyrolysis method and used as CO; photo-
responsive adsorbents. The band gap of the synthesized BCN materials
can be adjusted by changing the ratio of boric acid/melamine in the raw
materials, and the abundant structural defects endowed the BCN ma-
terials with excellent CO5 adsorption capacity. The binding force of the
BCN adsorbents with CO, molecules was enhanced by UV irradiation to
stimulate more free electrons, thus improving its adsorption capacity.
The experimental results showed that the highest increase in the CO,
adsorption capacity of the BCN (1:3) adsorbent was achieved after UV
irradiation, with the CO2 adsorption capacity increasing from 1.29
mmol/g to 1.66 mmol/g at 1 bar, 298 K, which is an enhancement of ~
32 %. Solar energy is an important renewable source, and exploring the
use of sunlight to drive CO; capture system will greatly reduce the cost
and protect the environment. In this study, we experimentally verified
the enhanced CO5 capture ability driven by light energy and achieved
the regulation of CO; adsorption capacity. This provides a new approach
for industrial level applications of low-cost CO2 capture and utilization.
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Fig. 7. CO; adsorption energies of the optimized structures of BCN (1:3) adsorbent with O-B-N2 sites and B-N3 sites in the initial state and after additional injection

of le™.

Fig. 8. Schematic diagram of photo-induced electron generation for enhanced CO, capture capacity.
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