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ABSTRACT: Identification of adsorption centers with atomic
levels of adsorbents is crucial to study the adsorption of
formaldehyde (HCHO), especially for an in-depth understanding
of the mechanism of HCHO capture. Herein, we investigate the
HCHO adsorption performance of one-dimensional (1D) nano-
porous boron nitride (BN) fiber, and explore the adsorption
mechanism by density functional theory (DFT) calculations,
including adsorption energy change and Bader charge change,
and experimental study as well. Research shows that the 1D
nanoporous BN fiber possesses a high concentration of Lewis pairs,
which act as Lewis acid and Lewis base sites associated with the N :
fiber’s electron-deficient and electron-rich features. It is worth

noting that the HCHO removal efficiency of a typical sample is as high as 91%. This work may open the door to the field of
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adsorption of other pollutants by constructing Lewis pairs in the future.

1. INTRODUCTION

Indoor air quality is closely related to human health, which is
based on the fact that people usually spend most of their time
in offices, houses, and other indoor places. HCHO, as one of
the most dangerous volatile organic compounds, is released
from building materials, wooden furniture, and so on.!™®
Exposure to HCHO in the long term can cause a series of
health problems, such as nausea, headache, allergic asthma, and
even cancer.” "’ Effective removal of the indoor HCHO
pollutant is the key to solve the problem. In comparison with
other approaches, catalytic oxidation, a simple and economical
technology, has been regarded as an efficient route for
conversion of HCHO into CO, and H,O to improve the
indoor air quality.'”"" However, as adsorption is the first step
of catalytic oxidation, the HCHO adsorption ability of the
surface of the catalyst often limits its catalytic oxidation
efficiency, which requires a high HCHO adsorption capacity
for the catalyst substrate.

Theoretically, the HCHO molecule contains two C—H
bonds and one C=O0 bond, in which the carbon atom forms
three ¢ bonds in three sp® hybrid orbitals, and one ¢ bond is
formed with the oxygen atom. One p orbital of the carbon
atom and one p orbital of the oxygen atom overlap with each
other to form a 7 bond. The HCHO molecule contains a
carbonyl group oxygen atom, which easily interacts with the
Lewis acid, while the carbonyl group carbon atom tends to
react with the Lewis base.'”"” Therefore, the HCHO pollutant
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can be adsorbed easily by the acid—base sites of the adsorbent
surface based on the Lewis theory of acid—base reaction.

Hexagonal boron nitride (h-BN), as a “white graphene”, has
attracted increasing attention recently."*™'® Due to the high
electronegativity of the nitrogen atom, the electron pair in the
sp> B—N bond is closer to the nitrogen atom, and hence, to the
electron-rich nitrogen atom of the boron nitride layer, which
acts as the Lewis base. Meanwhile, the electron-deficient boron
atom of the boron nitride substrate shows the feature of a
Lewis acid,"”~*" which can provide opportunities for practical
applications, especially for the HCHO adsorption process
originating from the combination between the HCHO
molecule and the adsorption sites (B-site and N-site) on the
surface of the substrate.

For an ideal adsorbent, a large surface area is also essential,
because it can provide as many adsorption sites as possible.
Therefore, the purpose of this work is to construct the one-
dimensional (1D) nanoporous structure of BN with a high
surface area by the freeze-drying and calcination process, and
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evaluate the performance of HCHO adsorption on the surface
of as-prepared products at room temperature. The inves-
tigations show that a typical sample shows a strong ability of
adsorption toward the HCHO pollutant when it is exposed to
a low-concentration-HCHO environment, which can be
ascribed to the structural characteristics of high BET surface
area (462 m® g”') and Lewis acid—base sites. In addition, the
HCHO adsorption mechanism over the surface of the 1D
nanoporous BN fiber is also studied through DFT calculations,
and a deep understanding about the role of the boron and
nitrogen sites of BN in the HCHO capture process is obtained.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Boric acid (H;BO;, 99%) and melamine
(C;HgNg, 99%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Nitrogen (N,, 99.999%)
was purchased from Foshan Deli Messel Gas Co., Ltd.

2.2. Synthesis of the 1D Nanoporous BN Fiber. Firstly,
3.15 g of C;N¢Hg and 4.64 g of H;BO; were added into 100
mL of deionized water to obtain a mixed solution and heated
at 90 °C under magnetic stirring for 4 h. Subsequently, the hot
solution was quickly transferred to the refrigerator and freeze-
dried for 3 days to form the dry 1D nanoporous BN fiber
precursor. The growth mechanism of the precursor was
associated with the reaction as follows™

2H,BO, + C,NH, — C,N,H,-2H,BO, (1)

The C;N¢H4-2H;BO; nuclei were formed in hot solution by
a hydrogen-bonded structure, which can absorb new nuclei
continuously for construction of the 1D C;N¢H42H;BO,
fiber. Then, the precursor was frozen quickly to prevent its
further growth. Finally, the white C;N¢H4-2H;BO; precursor
with a 1D fiber morphological structure was transformed into a
1D nanoporous BN fiber under the pyrolysis process in N,
atmosphere at 800, 900, and 1000 °C for 4 h, and denoted as
BN-800, BN-900, and BN-1000, respectively.

2.3. Characterization. The X-ray diffraction (XRD)
patterns of the as-prepared samples were studied using an X-
ray diffractometer (D-MAX 2200 VPC, RIGAKU). The
morphology of a typical sample was studied using a scanning
electron microscope (ZEISS, sigma 300) and a JEOL JEM-
2100F transmission electron microscope. The surface element
composition of the sample was obtained using an X-ray
photoelectron spectrometer (Thermo ESCALAB 250XI). The
Brunauer—Emmett—Teller (BET) surface area and pore size
distribution of a typical sample were evaluated by a Tristar II
3020 instrument. The acid—base properties of the sample
surface and the intermediates in the catalytic HCHO oxidation
process were recorded using a TPD/TPR instrument
(Quantachrome) and in situ diffuse reflection infrared Fourier
transform spectroscopy (DRIFTS, Nicolet iS50).

2.4. HCHO Adsorption Measurement. The HCHO
adsorption test was carried out using an organic glass box with
a volume of 6.0 L at room temperature, and its inner wall was
covered with an aluminum foil. Hundred milligrams of the 1D
nanoporous BN fiber was uniformly dispersed on the bottom
of a Petri dish with a diameter of 9 cm and covered with a lid.
Gaseous HCHO was generated by injecting an appropriate
amount of HCHO solution (37.0—40.0%). The lid was
removed when the HCHO concentration in the organic glass
box was stable at about 10 ppm. At this moment, the HCHO
adsorption test began, and the real-time concentrations of

HCHO, CO,, CO, and water vapor in the reactor were
detected by a photoacoustic gas monitor (INNOVA 1412i).

2.5. Stability Test. The cyclic stability test over the typical
sample was performed using the photoacoustic gas monitor
(INNOVA 1412i). Briefly, 100 mg of 1D nanoporous BN
fibers was dispersed on the bottom of the Petri dish with
diameter 9 cm. When the initial HCHO concentration in the
reactor reached about 10 ppm, the lid of the Petri dish was
quickly removed to monitor the concentrations of HCHO,
CO,, CO, and water vapor in the reactor. The reaction ended
after 120 min. Subsequently, the 1D nanoporous BN fibers
were collected and transferred to an oven at 55 °C for 2 h.
Finally, the collected sample was tested in the next cycle.

2.6. HCHO Adsorption Kinetics. The HCHO adsorption
kinetics on the surface of the 1D nanoporous BN fiber was
studied to investigate the adsorption behavior, which is
achieved by fitting the kinetics models of pseudo-first-order
and pseudo-second-order as below””

In(qe - qt) =lInq, — kt )
t 1 t
= 5 + —
9% ka4, (3)

where k; (1/min), k, (g/mg/min), g, and g, (mg/g) represent
the rate constants of the pseudo-first-order and pseudo-
second-order models, and the adsorption capacities at
equilibrium and time t are shown in the following formulas™*

(G =)V

1= w (4)
_ (CO B Ct)V

T T (s)

where V (L) stands for the volume of the reactor and W (g) is
the mass of the adsorbent. C,, Cy, and C, (mg L") are the
HCHO concentrations at equilibrium, initial time, and time ¢,
respectively.

2.7. Calculation Details. DFT calculations were carried
out with the Vienna Ab Initio Simulation Package (VASP) by
using a spin-polarized GGA PBE functional combined with a
projector augmented wave (PAW) method and an energy
cutoff of 520 eV for all-electron plane-wave basis sets. The
conjugate gradient algorithm was used in the optimization. A
total energy of 1 X 10™* eV and force of 0.05 €V A™! were set
on each atom to the convergence threshold. The adsorption
energy change (AE, ) was calculated based on the following
formula

AEacls = Etotal - Esur - Emol (6)

where E_, Ey,, and E,, denote the energy of the molecule,
the energy of the pure surface, and the total energy of the

adsorption state, respectively.

3. RESULTS AND DISCUSSION

Scanning electron microscopy observation shows that BN-900
is mainly composed of 1D fiber morphology, as presented in
Figure 1a. This unique morphological structure of BN-900 may
be ascribed to the C;N4H-2H;BO; precursor with 1D fiber
morphology. Meanwhile, the 1D morphology of BN-900 is
further confirmed by the transmission electron microscope
image. In Figure 1b,c, the 1D fiber morphology of BN-900 can
be clearly seen, and the surface structure is further analyzed
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Figure 1. (a) SEM, (b-c) TEM, and (d) HRTEM images of BN-900.

using the high-resolution TEM. The 1D nanoporous BN fiber
accompanied by an unordered and amorphous structure is
observed as displayed in Figure 1d, suggesting that some
defects are distributed on the surface of the 1D nanoporous
BN fiber, and therefore the surface atom coordination is highly
unsaturated, which is beneficial for adsorption of polar
molecules, such as the HCHO pollutant.

In the XRD patterns of the as-prepared samples (Figure 2a),
the (002) and (100) planes of BN are obtained, while the
diffraction peaks at about 24 and 43° demonstrate an obviously
broad peak feature, implyin; a low-crystallinity BN phase with
disordered characteristics.””** The XPS survey spectrum of

BN-900 is exhibited in Figure S1 (see the Supporting
Information), and the signals of boron, nitrogen, carbon, and
oxygen elements can be found clearly from the XPS survey
spectrum of BN-900. Both B 1s and N 1s correspond to the
BN phase, and the peak of C 1s is likely attributed to the
adventitious hydrocarbon.”* As shown in Figure 2b, the high-
resolution B 1s XPS spectrum of BN-900 presents a main peak
at about 190.9 eV associated with the B—N bond, and a minor
peak at about 192.3 eV derived from the B—O bond, and the
existence of the B—O bond may be due to the surface
hydroxyl.'® In addition, the N—B bond located at about 398.2
eV and the N—H bond centered at about 399.0 eV are clearly
detected in the high-resolution N 1s XPS spectrum of the
typical sample (Figure 2c), which is basically consistent with
the reported data.”* The porosity of the typical sample is
evaluated by the nitrogen adsorption—desorption isotherms
(Figure 2d). The characteristic of the curve belongs to the type
IV isotherm, revealing the existence of a mesoporous structure
in BN-900, which is also confirmed by the pore size
distribution, as displayed in the inset of Figure 2d. The
mesoporous structure in the range of about 3.0—4.4 nm in size
is shown. Besides, the BET surface area of BN-900 is up to 462
m® g~', which can be attributed to the abundant porosity
derived from the release of gaseous groups, such as NH;, H,O,
and CO from the C;N¢H¢2H;BO, precursor.”” Therefore, the
typical sample can provide abundant adsorption sites to
enhance the HCHO adsorption capacity on the surface of the
1D nanoporous BN fiber.

Encouraged by the above results, we deduce that the 1D
nanoporous BN fiber may be a promising adsorbent to
eliminate the indoor HCHO pollutant, and therefore the
HCHO adsorption ability of the 1D nanoporous BN fiber is
investigated. The HCHO adsorption performance comparison
in Figure 3a shows the excellent adsorption ability of BN-900
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Figure 2. (a) XRD patterns of BN-800, BN-900, and BN-1000; high-resolution (b) B 1s and (c) N 1s XPS spectra, and (d) nitrogen adsorption—

desorption isotherms and pore size distribution (inset) of BN-900.
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Figure 4. Data fitting of the HCHO adsorption kinetics of BN-900 by (a) pseudo-first-order and (b) pseudo-second-order models.

compared to that of BN-800 and BN-1000. The HCHO
removal efficiency of the typical sample is as high as 91% at
120 min, as shown in Figure 3b. Though BN-800 and BN-1000
display relatively weak removal efficiencies, the values still
reach 82 and 84%, respectively. In addition, the estimated
adsorption capacity within 120 min is up to 0.59 mg g_1 (BN-
800), 0.69 mg g~ (BN-900), and 0.61 mg g~ (BN-1000)
based on Figure S2a (see the Supporting Information),
implying that 1D nanoporous BN fibers have a significant
potential application in improving indoor air quality. It is
noteworthy that the concentrations of CO, in the HCHO
adsorption process for 1D nanoporous BN fibers show no
significant change (Figure S2b, see the Supporting Informa-
tion), revealing that the 1D nanoporous BN fiber shows mainly
adsorption rather than catalytic oxidation. As shown in Figure
S2¢,d (see the Supporting Information), the concentrations of
CO and water vapor in the reaction system exhibit a slight
downward trend, indicating that 1D nanoporous BN fibers
have also a certain adsorption effect on the CO and H,0. In
addition, the stability evaluation of the adsorbent is crucial to
ensure its practical application, and hence, the stability test of
HCHO adsorption on BN-900 is conducted as shown in
Figure S3a (see the Supporting Information). As can be seen in
Figure S3b (see the Supporting Information), the HCHO
removal efficiencies of the three cyclic tests over BN-900 are
91, 67, and 63%, respectively. It is worth noting that the
HCHO removal efficiency shows a certain attenuation, which
may be attributed to the strong adsorption configuration
between the HCHO molecules and active sites of the BN-900
surface, and make it difficult to desorb and release active sites,
further leading to the attenuation of HCHO adsorption
performance. However, it reaches 63% in the third cycle,

25689

suggesting that the 1D nanoporous BN fiber is still a promising
adsorbent for purifying indoor HCHO.

In order to understand the adsorption behavior on the
surface of the 1D nanoporous BN fiber, the HCHO adsorption
process over BN-900 is fitted using the pseudo-first-order and
pseudo-second-order models. Compared with the pseudo-first-
order model (R* = 0.9518, Figure 4a), the fitting effect of the
pseudo-second-order model (R* = 0.9977, Figure 4b) is better,
indicating that the HCHO adsorption on the surface of the 1D
nanoporous BN fiber shows chemisorption behavior, further
confirming that the HCHO adsorption on the surface of the
1D nanoporous BN fiber is likely to be due to chemisorption,
which results in the formation of adsorbed HCHO. The
chemisorption behavior of the 1D nanoporous BN fiber is a
promising structural feature, suggesting that the 1D nano-
porous BN fiber has great potential in the purification of
indoor HCHO pollution in the future. To explore the
mechanism of chemisorption of HCHO on the adsorbent,
the 1D nanoporous BN fibers with acid—base properties are
analyzed by TPD of NH; and CO,. The NH;-TPD curve of
BN-900 is exhibited in Figure S4 (see the Supporting
Information); the peaks ranging from approximately 118 to
253 and 325 to 500 °C can be assigned to the weak acid and
medium acid sites on the surface of the 1D nanoporous BN
fiber. In the CO,-TPD curve, the peak from approximately 115
to 269 °C is attributed to the weak base sites, and the range of
326 to 511 °C corresponds to the medium base sites. These
unique acid—base features may be derived from the effect of
electron-deficient B atoms and electron-rich N atoms on the
surface of the 1D nanoporous BN fiber. It is worth noting that
the Lewis pair is obtained, which means that the 1D
nanoporous BN fiber can effectively capture the HCHO

https://doi.org/10.1021/acsomega.2c02920
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Figure S. Structural models and charge density differences of HCHO adsorption on the surface of the 1D nanoporous BN fiber. (a, d) Oxygen, (b,
e) carbon, and (c, f) oxygen and carbon atoms of HCHO are combined on boron, nitrogen, and boron and nitrogen atoms of BN models,
respectively. The electron depletion is shown in yellow and accumulation in blue.

molecule via chemisorption based on the Lewis theory of
acid—base reaction.

The Lewis acid and base sites on the surface of the 1D
nanoporous BN fiber are confirmed by the TPD curves of NH;
and CO,. The DFT calculations also confirm that the HCHO
adsorption on the surface of the 1D nanoporous BN fiber is
focused on the combination of carbon and oxygen atoms of the
HCHO molecule and the B—N Lewis pair structure, and
therefore, the key parameters show that the combination state
is the focal point of DFT analysis. The structural models of
HCHO adsorption on the boron site (Figure Sa), nitrogen site
(Figure Sb), and boron and nitrogen sites (Figure Sc) of BN
are constructed. In comparison with the adsorption energy
change (AE,y) of B—O (0.327 eV) and N—C adsorption
configuration (—0.530 eV), the double-site adsorption
configuration of B—O and N—C (—0.657 eV) shows the
most negative adsorption energy change, indicating a
spontaneous adsorption reaction. To investigate the electron
transfer in the process of HCHO adsorption on BN models,
the charge density differences are calculated using the Vienna
Ab Initio Simulation Package; the electron depletion is shown
in yellow and accumulation in blue. As shown in Figure 5f, the
charge density differences of B—O and N—C bonds between
the HCHO molecule and BN model present a stronger
interaction than that of the other two single-point adsorption
models in terms of B—O (Figure 5d) and N—C (Figure Se)
adsorption configuration. In addition, the Bader charge change
is chosen as a parameter to investigate the ability of the
electrons to transfer onto the above structural models, and the
corresponding values are —0.003e, —0.026¢, and —0.344e. The
most negative value of Bader charge change (Aq) of the
double-site adsorption configuration of B—O and N—C bonds
between the HCHO molecule and BN model indicates that the
B—N Lewis pair structure of BN can adsorb the HCHO
molecule effectively, revealing that the 1D nanoporous BN
fiber is a promising candidate to capture the HCHO pollutant.

The intermediate species of the HCHO adsorption process
over the typical sample is detected by in situ diffuse reflectance
infrared Fourier transform spectroscopy under exposure to
HCHO/O, at room temperature. As displayed in Figure 6, the
peaks appearing at approximately 1413, 1700, and 1771 cm™"

Absorbance / a.u.

7,

3500 3000 2000 1600 1200
Wavenumber / cm’™

Figure 6. In situ DRIFTS of BN-900 under a flow of HCHO/O, at
room temperature.

are associated with the adsorbed HCHO, and those at
approximately 1340, 1362, 1372, 1395, 1455, 1540, 1558,
1649, 1700, 1825, and 1868 cm™' involve the formate
species.”®”>* Besides, the peak at approximately 1467 cm™ is
related to the methoxy group, and those from approximately
3200 to 3600 cm™! result from the stretching vibration of the
hydroxyl group.”*””° Remarkably, the adsorbed water,
located at about 1640 cm™, exhibits a strong negative peak,
implying that the adsorbed water is consumed in the HCHO
adsorption process on the surface of BN-900. The results show
that the 1D nanoporous BN fiber with Lewis pair structure is
able to catalyze the HCHO pollutant and convert it into low-
toxic or nontoxic intermediate species. However, the peak of
CO, is not observed obviously, and meanwhile, the intensities
of the observed peaks of the intermediate species are also
relatively weak, revealing that the contribution to HCHO
removal efficiency is mainly by adsorption rather than by
catalytic oxidation.

A possible adsorption and conversion HCHO mechanism is
proposed herein, which may be related to the Cannizzaro-like
disproportionation reaction under the current reaction system
due to the feature of Lewis acid—base sites on the surface of
the 1D nanoporous BN fiber. Firstly, the lone electron pair of
N sites in the 1D nanoporous BN fiber triggers easily a
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nucleophilic addition reaction when the HCHO molecule is
adsorbed on the Lewis base N-site. Secondly, the HCHO
attached to the Lewis acid B-site can enhance the electro-
philicity ability of the carbon atom, and it can acquire one H
atom of HCHO molecule derived from the N-site. As a result,
formate and methoxy species are produced. Finally, the
intermediate species is further converted into low-toxic or
nontoxic species by the reaction with surface-adsorbed H,0O
molecules, which is also confirmed based on the in situ
DRIFTS, indicating that the 1D nanoporous BN fiber is a
potential candidate for indoor HCHO purification in the
future.

4. CONCLUSIONS

In summary, the B—N Lewis pair on the surface of the 1D
nanoporous BN fiber has been successfully constructed and
explored to capture the HCHO pollutant at room temperature.
As proved by both theoretical and experimental results, the
typical sample with abundant Lewis acid—base sites presents
excellent HCHO adsorption and activation activity. The 1D
nanoporous morphology structure of the as-prepared BN
sample is significant, which results in a high BET surface area
and is made up of B—N bonds, and can be used to further
construct the Lewis pair for chemisorption of HCHO. This
study provides a new understanding of HCHO adsorption on
the B—N structure and points out the direction for application
of the 1D nanoporous BN fiber.
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