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Covalent organic frameworks (COF) based materials have exhibited excellent gas and visible light absorption
capability, yet are very diffcult to generate strong oxidative species for photocatalytic mineralization of volatile
organic compounds (VOCs). Here, a facile in situ modulation protocol developed could enable the growth of MOy
(M = Ti, Zn, W, Ce) with oxygen vacancy (Ov) on -NH,-functionalized COF surfaces to construct NH,—COF/
Ov-MOy Z-scheme heterojunctions of excellent stability and effciency (98.3 %) in photo-oxidation of formal-

dehyde, acetaldehyde, and acetone. The —NH» functionalization enhanced VOC chemisorption via H-bond
interaction. Moreover, the constructed fast charge transfer channel (Ov-M-N) at the interface not only promoted
directional migration of photo-excited carrier, activated adsorbed O, and H,O to quickly generate strong eOH,
but also effectively inhibited injurant formation to realize the precise control of the conversion path. These
fndings offer new insights into customizing the interfacial structure of COF for indoor air purifcation.

1. Introduction

For decades, formaldehyde (HCHO), as one of the typical indoor
volatile organic compounds (VOCs), has been extremely harmful to
human health [1-3]. The effective elimination of HCHO under ambient
conditions can solve the problem of "sick architecture” to a large extent
[4-6]. Photocatalysis is a suitable and promising technology for energy
and environmental applications, especially under real environmental
conditions [7-9]. As the representative photocatalysts, metal-oxide
semiconductors (TiO,, ZnO, Nb,Os, and BIiOCI, for instance) have
been extensively studied in terms of HCHO removal due to their low
toxicity, great stability, high reserves on earth, and suitable energy band
structure to generate hydroxyl radical (eOH) with strong oxidizing
ability [10,11]. However, they only absorb ultraviolet (accounts for less
than 5 % of the solar spectrum) because of the narrow band gap [12,13],
resulting in the disillusionary separation effciency of photoexcited

* Corresponding authors.
E-mail addresses: hli13@gzu.edu.cn (H. Li), chao.he@tuni.¥ (C. He).
1 The authors contribute equally to this work.

https://doi.org/10.1016/j.apcatbh.2024.124532

electron-hole (e—h™) pairs and imperfect photocatalytic performance.
Therefore, it is urgent to develop novel activity-enhanced photocatalysts
with high utilization of solar energy to eliminate the effects of VOCs
pollution.

In past studies, covalent organic frameworks (COF), with advantages
of excellent visible-light absorption, large surface area, high crystallinity
and rich pore structure [14-16], provide a stable place for the adsorp-
tion and diffusion of gas molecules, which is often used as gas adsorbent
[17,18] and sensor [19]. These promote the effcient photocatalytic
conversion of gas systems, such as NO removal and CO, reduction
[20-22]. Nevertheless, as far as we know, its application to the miner-
alization of VOCS has not been studied so far. Notably, some
—NHa,-functionalized metal-organic frameworks (MOF), which are
similar to COF in terms of the pore structure, have been reported to
exhibit excellent selective adsorption of HCHO molecules via the C=0
bond [23,24]. In fact, the -NH,-modifed COF has also been probed to
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Fig. 1. Schematic illustration of the prepared CF/TiO,-y samples (A). FT-IR spectra (B) of CF, CF (1:1), TiO,, and CF/TiO,-3 samples. TEM images (C and D), HRTEM
images (E), and elemental mappings (F) of CF/TiO,-3 sample. EPR spectra (G) of CF, TiO,, and CF/TiO,-3 samples.

surface by the less responsive NH,—COF. These observations clearly
denoted that the NH,-COF/Ov-TiO, photocatalyst was successfully
constructed by a simple in situ growth strategy.

Furthermore, the fne structure of the heterojunction interface was
explored using the X—ray absorption near—edge structure (XANES) and

the corresponding extended X—ray absorption fne structure (EXAFS).
The «, B, and y peaks at 4965-4975 eV (Fig. 2A, inset), pre—peaks of
anatase Ti k pre—edge region [36,41], obviously appeared, and the in-
tensity of p peak in CF/TiO»-3 was strictly higher than that in standard
anatase—TiO, due to the existence of surface Ov in CF/TiO,-3, which

Fig. 2. Ti K-edge XANES spectra (A) and Fourier transform spectra (B) of Ti foil, anatase TiO,, and CF/TiO,-3 samples. EXAFS R space-Ftting curves (C) and K space-
Ftting curves (D) of CF/TiO,-3 sample. Wavelet transform of anatase TiO, (E), and CF/TiO,-3 (F).
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was consistent with the result of EPR (Fig. 1G). Alternatively, the
chemical valence of the Ti element in CF/TiO»-3 was noted to be be-
tween 0 and +2, further suggesting that Ov induced the low—valence Ti
element (Fig. 2A) [41]. In the EXAFS spectra (Fig. 2B), the Ti—ligand
peak of CF/TiO»-3 in the frst shell positively shifted with the compar-
ison of the standard anatase TiO5, attributing to the Ti—O/N bonds. The
guantitative parameters of Ti—O/N bonds were further obtained by
Ttting EXAFS curves (Fig. 2C and D) and the corresponding ftting re-
sults are shown in Table S1. The average coordination numbers of
Ti—O/N bonds in CF/TiO,-3 were identifed to be 5.1 4+ 0.9 (Table S1).
The wavelet transforms (WT) of Ti foil, anatase—TiO,, and CF/TiO»-3
merely manifested intensity maxima at ca. 6.1 A=t ca.55A1 and ca.
5.0 A%, respectively (Fig. 2E, F, and S5), further confrming that the
existence of Ti elements in CF/TiO»-3 was in the form of Ti—O/N bonds
during the growth of Ov—TiO, on NH,—COF surface. These ¥ndings
elucidated that Ti—N bonds were stably constructed on the hetero-
junction interface. It was remarkable that theoretical calculations were
accustomed to predict the probable site of Ti—N bond formation. The
formation energy of Ov at position 1 (—1.12 eV) was larger than the
other three positions (—0.87 eV at position 2, —0.61 eV at position 3,
and —0.55 eV at position 4) in Fig. S6, illustrating that Ti—N bonds were
most easily formed on the Ti atom closest to Ov.
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3.2. Photoexcited carrier transfer process and photoelectric properties

Additionally, defning the type of heterojunction was considered
important to prove the driving force of carrier migration. From the
calculated differential charge distribution in Fig. 3A, the blue and yellow
electron clouds on the interface surrounded the Ov on the TiO, surface
and around the —NH> in the NH,—COF, respectively, and 0.23 e of Bader
charge (Aq) migrated from the NH,—COF to the Ov—TiO; surface. It was
refected that the proper design of the Ti—N bond could cause the pos-
itive charges to accumulate on the NH,—COF surface, while the negative
charges were enriched on the Ov—TiO, surface. Also, the elemental
composition of CF/TiO»-3 only included C, N, Ti, and O elements in the
X-ray photoelectron spectroscopy (XPS) survey spectra (Fig. S7). More
importantly, compared with TiO», the binding energy of CF/TiO2-3’s Ti
2p1/2 and Ti 2pg/» peaks was negatively shifted by 0.3 eV (Fig. 3B). The
binding energies of O1s peaks (surface -OH and Ti-O bonds) decreased
from 531.4 and 529.6 eV on CF/TiO»-3-531.6 and 529.8 eV on TiOo,
respectively (Fig. S8A). In contrast, the binding energy of N1s of CF/
TiO,-3 increased by 0.2 eV compared to individual CF (Fig. 3C), while
no change of the Cls peaks binding energy was observed (Fig. S8B).
Based on the ultraviolet photoelectron spectroscopy (UPS) in Fig. S9, the
work functions (@) of CF and TiO, were determined to be 4.36 eV and
5.38 eV utilizing the linear intersection approach [42], respectively,
meaning that e~ was able to escape from NH,—COF to Ov—TiO,. This

Fig. 3. Charge difference distribution (A) of NH,-COF/Ov-TiO, (charge accumulation in blue, and charge depletion in yellow). High-resolution XPS spectra in the Ti
2p (B) and N 1s (C) regions. In situ XPS spectra of N1s (D) and Ti 2p (E) of CF/TiO,-3. Photoexcited carrier transfer process (F) of NH,—~COF/Ov-TiO,. Photocurrents

(G) of CF, TiO,, and CF/TiO,-y samples.
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also matches the results of XPS (Fig. 3B, C, and S8) and theoretical
calculations (Fig. 3A). These further validated the fact that, after
coupling NH,—COF and Ov—TiO,, the charge redistribution on the
interface was only between the Ov—TiO; surface and -NH; in NH,-COF,
while also constructing a built-in feld from NH,—COF to Ov—TiO5,
respectively. Notably, the binding energy of N1s for CF/TiO,-3 was
positively shifted from 398.3 eV under illumination to 398.8 eV under
dark (Fig. 3D). As compared to that in the dark, the binding energy of the
Ti 2p peaks for CF/TiO,-3 enhanced by 0.6 eV after illumination
(Fig. 3E), and the same trend was observed for O 1 s peaks (Fig. S10A).
This formulation signifed that the photoexcited e~ migrated into
NH,—COF and the corresponding photoexcited holes accumulated in
Ov—TiO, during the actuation of the built-in Feld (Fig. 3F). According to
the above results, the photoexcited carrier transfer process was
demonstrated (Fig. 3F). Due to the @ difference of NH,—COF and
Ov—TiOo, the close contact between them formed a built-in electric feld
directed by NH,—COF to Ov—TiO,, and the e in the valence band (VB)
of Ov—TiO, were excited into the conduction band (CB), followed by
transferring to the VB of NH,—COF via a charge transfer channel of
Ov—-Ti—N, and fnally inspired again to the CB of NH,—COF under
irradiation. Therefore, this type of the NH,—COF/Ov-TiO, hetero-
junction was regarded as Z-scheme.

From the band structure and optical capture capability perspective,
the VB and CB of Ov-TiO, were mainly composed of O 2p and Ti 3d
orbitals, respectively. Surprisingly, the VB and CB of NH,—COF/Ov-TiO,
included basically O 2p and N 2p orbitals, respectively (Fig. S10B). This
provided a great probability for the transfer of photoexcited e~ from
Ov—TiO; to NH,—COF, matching the in situ XPS (Fig. 3D, E and S10A)
and carrier transfer process (Fig. 3F). From the density of states in
Fig. S10B, it could also be found that the band gap (Eg) of NH>-COF/
Ov-TiO; (0.28 eV) was smaller than that of Ov-TiO; (1.01 eV). To note
here was that the difference both the Eg obtained through the theoretical
calculation and the actual value was extremely obvious, because of the
limitation of DFT calculation [43]. The color of the prepared photo-
catalyst changed from white for TiO5 to yellow for CF/TiO,-3 (Fig. S11,
inset), and the light response range of CF/TiO,-3 was wider than that of
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TiO, (Fig. S11), indicating that the modifed NH,-COF reduced Egy of
Ov-TiO, to improve the optical capture capability. As previously
mentioned, the photoexcited charge—oriented movement by Z-scheme
facilitated rapid carrier separation [22,32]. As expected, the photocur-
rent values of CF/TiO2-y (0.8 ~ 2.4 pA x cm’z) were larger than those of
CF and TiO5 (Fig. 3G), especially for CF/TiO,-3 up to a maximum of 2.4
PA X cm2. Further increasing the addition of Ti source, the photocur-
rent decreased gradually to 2.1 pA x cm2 over CF/TiO,-4, and then to
1.2 pA x cm2 over CF/TiO,-5 (Fig. 3G). The possible reason for this was
that the excessive loading of TiO, formed the trapping center of e —h™
pairs. The variation of Nyquist plots in electrochemical impedance
spectra (EIS) and Fuorescence emission intensity at about 510 nm was
similar to that of photocurrent, and CF/TiO,-3 also showed the lowest
radius ring and emission intensity (Fig. S12A and S12B). In addition, the
average lifetime (taverage = 3.47 ns) and the corresponding positive
components of CF/TiO,-3 (t; = 10.17ns and 1, = 1.92 ns) were
distinctly delayed, in comparison with those of CF (Taverage = 0.68 ns, 71
= 6.76 ns, and 12 = 1.07 ns) and TiO2 (Taverage = 2.36 ns, T1 = 9.10 ns,
and 1, = 1.82 ns) in Fig. S12C. CF/TiO»-3 was optimally endowed with
an electronic transition rate from the excited state to the ground state,
inhibiting the direct recombination of the photoexcited charge [26,33].
Thus, NH,-COF/Ov-TiO; got the superior photocatalytic performance.

3.3. Photocatalytic performance and universality

The HCHO removal rate was ulteriorly evaluated using a continuous
Fow reactor to perfectly simulate the authentic atmosphere. CF/TiOz-y
demonstrated a great HCHO removal rate within 60 min (49.2 %
~98.3 %), while that of the TiO, and CF reached only 36.9 % and
25.3% (Fig. 4A), respectively, and especially the optimized catalyst
(CF/TiO,-3) attained actually to 98.3 %. Also, the pseudo-frst-order
kinetic rate constant of CF/TiO,-3 (K = 6.79 h’l) was 8.7 times and
11.3 times of TiO, (K = 0.78 h‘l) and CF (K5 = 0.60 h‘l), respectively
(Fig. 4B). Interestingly, the regularity of the photocatalytic HCHO
oxidation for CF/TiO,-y was as in the case with the above photoelectric
properties, signifying that an experiment of removing was only affected

Fig. 4. Photocatalytic HCHO oxidation curves over CF, TiO,, and CF/TiO,-y samples (A). HCHO conversion as a function of irradiation time over TiO,, CF, and CF/
TiO,-3 samples (B). Generating curves for CO, of CF, TiO,, and CF/TiO,-y (C). Cyclic performance of HCHO removal (D) of CF/TiO,-3. XRD patterns of CF/TiO,-3
before and after the photoactivity test (E). XRD patterns of ZnO, WO3, CeO,, CF/ZnO, CF/WO3, and CF/CeO, (F).
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by the separation of photoexcited e—h™ pairs. The CO, production of
these catalysts (CF, TiO», and CF/TiO»-3) was close to about 1:1 with the
amount of HCHO conversion (Fig. 4C), insinuating that HCHO was
completely mineralized in an aerobic atmosphere. After 7 cycles of
testing, no signifcant inactivation of the CF/TiO,-3 catalyst was evident
(Fig. 4D) and the XRD peaks of the recovered catalyst were not
expressively different from those of the fresh catalyst (Fig. 4E), sug-
gesting excellent stability for CF/TiO,-3. To shed light on the advantages
of the preparation strategy, TiO, was replaced by other metal oxide
semiconductors (ZnO, CeO,, and WO3) to obtain CF/ZnO, CF/CeO5, and
CF/WO3; samples, respectively. The XRD results proved that these
composites were successfully prepared by a similar method (Fig. 4F).
Expectedly, the HCHO conversion rates of CF/ZnO, CF/CeO,, and CF/
WOg3 also showed 90.0 %, 92.0 % and 96.6 % within 60 min under
illumination (Fig. 5A), respectively, exceeding those of their individual
components (15.8-28.7 %), and these catalysts could also mineralize
HCHO to CO, (Fig. 5B), demonstrating the synthesis strategy of the
catalyst with admirable universality. As was known to all, a bright
catalyst with remarkable practical application potential should give
evidence of excellent removal for gas pollutants with a similar structure
(containing the C=0 bond). Therefore, the photocatalytic aerobic
oxidation of acetaldehyde (CH3CHO) and acetone (CH3COCH3) was
further assessed for the catalytic performance of the representative
catalyst (CF/TiO2-3). The CH3CHO and CH3COCH3; removal rates of CF/
TiO,-3 were 96.1 % and 84.6 % (Fig. 5C), respectively. The theoretical
amounts of CO, produced by the degradation of HCHO, CH3CHO, and
CH3COCH3 were 118.0, 230.6, 304.6 ppm, respectively, which was
close to the actual value (119.9, 215.2, and 270.8 ppm) during the
oxidation process (Fig. 5D) Marvelously, the performance of CF/TiO»-3
in removing HCHO was superior to that of the previously reported cat-
alysts (Table S3). It could be found that CF/TiO,-3 showed excellent
performance for the photocatalytic conversion of toluene in comparison
with CFand TiO3 (Fig. S13). These descriptions accounted for CF/TiO,-3
with versatility for a variety of gas pollutants and enormous potential.
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3.4. Mechanism investigation

Meanwhile, the HCHO removal mechanism needs to be further
explored to conclude the real active site and the course of reaction for
the as-prepared catalyst. In fact, ROSs play an extremely critical role in
most photocatalytic reaction systems [44,45]. As expected, using
K>Cr,07 (KCO), KlI, tryptophan (TRY), ethylenediaminetetraacetic acid
ferric sodium salt (EDTA-I), p-benzoquinone (PBQ), and tert-butyl
alcohol (TBA) as scavengers to quenche e”, h™, 105, H20,, #03 and ¢OH,
respectively, the HCHO conversion was inhibited (Fig. 6A), especially
with the addition of TBA, to the lowest extent at 22.3 %, suggesting that
eOH was the predominant active species. Besides, because H,O
adsorption on NH,—-COF surface adsorption had multiple possibilities,
the adsorption energy of three different sites was calculated (Fig. S14),
and it was found that the adsorption energy of H,O at site 1 (-0.18 eV)
was larger than that at other sites. In consequence, the H,O adsorption
and activation capacity of NH,-COF at site 1 and Ov-TiO» were studied
in detail. In the electron local function (Fig. 6B and C), it could be
observed that the chemical force between H,0 and Ov-TiO, was greater
than —-NH,, probably owing to the weak hydrogen bond force between
—NH, in NH,-COF and adsorbed H,0. The adsorption energy of Ov-TiO»,
for H,O was -1.27 eV, signally greater than that of -NH, in NH,—COF
(-0.18 eV) (Fig. 6D and E). And, the electron clouds around the adsorbed
H»0 on the NH,-COF surface were mainly blue electron clouds, but the
yellow electron clouds occurred on the Ov-TiO5 surface (Fig. 6D and E).
Simultaneously, the corresponding Aq of H,0 on the NH,—-COF surface
gained 0.07 e, while on the Ov-TiO; surface escaped 1.20 e (Figs. 6D and
E), explaining that the direct oxidation of H,O was apt to be on Ov-TiO»
surface and echoing the previous characterizations (Fig. 3F). Then, the
catalyst’ affnity for H,O was distinguished by dint of contact angle
experiments. The contact angles of CF and CF/TiO»-3 were measured to
be 140.8 and 144.1° (Fig. 6F), and 26.1 and 29.0° (Fig. 6G), respectively,
confrming that the involved Ov-TiO, could improve the hydrophilicity
of NH,-COF. More convincingly, the electron spin resonance (ESR) in-
tensity of the 5,5-dimethyl-1-pyrroline N-oxide (DMPQO)-eOH adducts of
CF/TiO,-3 was stronger than that of CF and TiO, after 10 min under

Fig. 5. Photocatalytic HCHO oxidation curves (A) and generating curves for CO, (B) of ZnO, WO3, CeO,, CF/ZnO, CF/WOg3;, and CF/CeO,. Photocatalytic HCHO,
CH3CHO, and CH3COCH3; oxidation curves (C) and generating curves for CO, (D) of CF/TiO,-3.
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Fig. 6. Quenching experiment during HCHO degradation over CF/TiO,-3 with different scavengers (A). Electron local function (B and C) and charge difference
distribution (D and E) of adsorbed H,O over NH,—COF and TiO, respectively-H,O contact angle of CF (F) and CF/TiO,-3 (G). ESR signals of trapped DMPO-eOH (H)

and DMPO-eO; (I) over CF, TiO,, and CF/TiO,-3.

illumination (Fig. 6H), as was the ESR signal of the DMPO-e0O5 adducts
(Fig. 61). On the basis of these, this fact was ascertained that H,O was
preferentially adsorbed and activated at the interface near Ov-TiO; in
NH,-COF/Ov-TiO, to form a strongly oxidizing ¢OH. Curiously, since
the O3 generated by O, trapping e was not a necessary oxidizing
species, its actual role needed to be clarifed. The HCHO removal was
extremely rapidly reduced under an anaerobic atmosphere or the
decreased relative humidity to 5 % (Fig. 7A), more manifesting that O,

and H,0 were indispensable for effcient oxidation. Before the charge
transfer process analysis, O, captured photoexcited e- on NH,—-COF
surface to form ¢0O53. Similar to the case of H,O adsorption, three possible
sites were explored (Fig. S14), and the adsorption energy of O, at site 3
(-0.55 eV) was larger than that at the other sites, proving that O, tended
to be adsorbed and activated at the -C=N-site in NH,—COF. In contrast
to an air atmosphere, no signal of DMPO-e0O3 adducts was observed
under an Ny atmosphere, but a weak DMPO-eOH adducts signal was

Fig. 7. HCHO removal curves under different atmospheres or relative humidity (A). ESR signals of trapped DMPO-e03 (B) and DMPO-eOH (C) over CF/TiO»-3 with
the addition of scavengers (KCO or EDTA), or the introduction of a different atmosphere (N, or air). Electron local function (D and E) and charge difference dis-
tribution (F and G) of adsorbed H,O over NH,~COF and Ov-TiO,, respectively. The concentration of HCHO after adsorption equilibrium (H).
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detected on account of the ability of h™ to oxidize the adsorbed H,0
(Fig. 7B and C). After quenching e~ with KCO addition, the signal of
DMPO-e0; was also weakened and the signal of DMPO-eOH adducts
was stronger, because the increased h™ concentration after electron
trapping promoted the H,O oxidation to e¢OH (Fig. 7B and C). The
introduction of EDTA-I not only unaffected the strength of the
DMPO-e0; adducts signal, but also reduced the DMPO-eOH adducts
signal because O3 could convert ¢OH with H,0, as an intermediate
(Fig. 7B and C). In this context, there were two main paths (1 and 2) for
the generation of ¢OH over NH,—COF/Ov-TiO,.

h* + H,O — «OH 1)
0, + e — ¢0; - Hy0, — eOH 2)

Getting to know this fact that the band position of photocatalyst can
profoundly infuence the formation of ROSs. The CB and VB positions of
the CF and TO were calculated as CBcr (vs NHE) = -1.09 eV and VBcg
(vs NHE) = 1.56 eV, and CBrjpz (vs NHE) = -0.59 eV and VBrio2 (Vs
NHE) = 2.77 eV by the UPS and valence band X-ray photoelectron
spectroscopy (Vb-XPS), respectively (Fig. S15). Thus, thermodynami-
cally, the generation of ¢O3 and ¢OH could be promoted on the CF/TiO»-
3 surface based on the redox potentials (vs NHE) of O,/e03 and H,O/
oOH reported in the literature [26].

Generally, the key to initiating a chemical reaction is known for the
adsorption and activation of the reactant. The site of HCHO adsorption
was benefcial to recognize the oxidation mechanism. As discussed
above, the adsorption energy of HCHO at site 1 ( NHy) in NH, COF was
determined to be the largest, which was —-0.90 eV (Fig. S14). These re-
sults refected that HCHO was more inclined to adsorption on NH,
owing to the strong hydrogen-bond interaction between CHO and

NH,. Noticeably, the charge distribution around the O atom in adsor-
bed HCHO overlapped with the H atom in -NH, over NH, COF with
comparison as Ov-TiO; (Fig. 7D-E), which was due to the contribution
of the delocalized polarization of electrons between C—0 and -NH> to
form hydrogen bonds [46]. The adsorption energy of HCHO (-0.90 eV)
on the NH,-COF surface was calculated to be higher than that of
Ov-TiO, (-0.68 eV), so was Aq of the adsorbed HCHO (Fig. 7F and G).
Contemporaneously, after reaching the adsorption equilibrium, the
HCHO concentration with the addition of CF (1:1) was nearly close to
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that in the absence of a catalyst (Fig. 7H). It was worth noting that the
equilibrium concentration of HCHO for CF was lower than that for CF
(1:1) (Fig. 7H), indicating the increased chemisorption of HCHO with
the groomed -NH,. In addition, the adsorption of HCHO by CF/TiO,-3
was also stronger than that by TiO» (Fig. 7H). Given the above, the NH,
in CF/TiO,-3 enhanced the HCHO chemisorption due to the hydrogen
bond force between NH; and C=O0. Additionally, the physical param-
eters of the catalyst were recorded in Table S2 by measuring the nitrogen
sorption-desorption isotherms and corresponding pore size distribution
curves (Fig. S16). HCHO removal rate per unit surface area was
computed to be 0.06 for CF, 0.31 for TiO,, and 0.26 for CF/TiO»-3
(Fig. S17), respectively. This obviously showed that the surface area of
the catalyst uninfuenced the photocatalytic performance.

Upon in situ diffuse refection infrared spectroscopy (in situ DRIFTS),
the possible intermediates and active species were traced during HCHO
removal, being to discover the true oxidation mechanism. During
adsorption, the ascendant absorption peaks of adsorbed HCHO (2819,
1426, 1393, and 1151 cm‘l), —OH formed by H,0 dissociation (3505,
3414, and 1653 cm’l), adsorbed dioxymethylene (DOM) (2984, 1477,
1274, 1195, 1112, and 1069 cm™t), HCOO™ (2969, 2894, 1612, 1038,
995, 945, and 921 cm™), and CO3~ (1329 cm™2) were observed on the
CF surface (Fig. 8A and Table S4), attributing to weak oxidation of
HCHO in dark. The absorbance of these peaks also got a weak decrease
on the CF surface under light irradiation (Fig. 8B and Table S4),
accompanied by an additional increasing peak at 1536 cm™ (CO%’).
These results suggested that eOH was considered to be the essential
active species, and the slight decrease of the HCHO mineralization
during light irradiation might be ascribed to the poisonous in-
termediates. DOM (2902, 1301, 1195, 1136, and 1112 cm™), HCOOH
(2952 and 2837 cm™), —~OH (3505 and 1653 cm™), HCOO™ (1555 and
1363 cm ™) and CO%™ (1056 and 1026 cm™Y) gradually accumulated on
the TiO, surface in the dark with evolution (Fig. 8C and Table S4).
Surprisingly, the peak of —OH decreased rapidly after illumination,
while the remaining peaks continued TiO, to become stronger (Fig. 8D
and Table S4), especially a novel dominant peak at 1674 cm™ (undis-
sociated H,0), indicating that ¢OH was involved in the process of con-
verting HCHO into CO, and H,O on the TiO; surface. Otherwise, the
mentioned intermediate could be observed on the CF/TiO,-3 surface
without illuminant, some new peaks could also be seen at 3312, 2938,

Fig. 8. In situ DRIFTS in the dark and under illumination over CF (A and B), TiO, (C and D), and CF/TiO,-3 (E and F).
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1688, and 1188 cm™2, assigning to DOM and —-OH in HCOOH (Fig. 8E
and Table S4). These gradually enhanced new peaks at 1724, 1574, 1351
and 1188 cm™ during light irradiation, matching the adsorbed HCHO,
were clearly observed in CF/TiO»-3 in comparison with CF and TiO,
(Fig. 8F and Table S4). This Fnding represented that CF/TiO»-3 showed
stronger HCHO adsorption than CF and TiO», matching the results of
HCHO adsorption experiments. In CF and TiO,, the accumulation of
-OH for CF/TiO,-3 was signifcantly reduced after light irradiation
(Fig. 8F and Table S4). Ultimately, the absorbance of the DOM with the
evolution of the irradiation, reduced promptly (Fig. 8F and Table S4),
representing that CF/TiO»-3 could evidently inhibit the formation of the
DOM during the removal owing to a lot of eOH.

Further, the climbing image nudged elastic band method (CI-NEB)
with a single imaginary frequency verifed (f/i, Table S5) was used to
reasonably infer the HCHO degradation pathway. Relative to other
elemental reactions (Path 1, 2, and 4), the corresponding Path 3 acti-
vation energies (E,3) for NH,-COF, Ov-TiO,, and NH,—COF/Ov-TiO,
were the largest (Fig. 9A), meaning that the conversion of intermediate
HCOOH was considered to be the rate-determining-step of reaction. It
was interesting to note that the E,3 (1.17 eV) of NH,—-COF/Ov-TiO, was
signifcantly lower than NH,-COF (1.44 eV) and Ov-TiO; (1.33 eV)
(Fig. 9A), indicating that the low reaction energy barrier exhibited by
NH,-COF/Ov-TiO, was conducive to HCHO mineralization, which was
consistent with the results of photocatalytic activity. More importantly,
the Ea; of NH,-COF/Ov-TiO, (0.08 eV) was greater than NH,—COF
(-0.10 eV) and Ov-TiO; (-0.05 eV), while the E,, of NH,—COF/Ov-TiO»
(0.26 eV) was smaller than NH,-COF (0.29 eV) and Ov-TiO; (0.30 eV)
(Fig. 9A). It was illustrated that the intermediate DOM was more diff-
cult to form and easier to oxidize on the surface of NH,—~COF/Ov-TiO»
with the comparison of NH,—COF and Ov-TiO5, which again confrmed
that DOM is more easily converted to downstream products by e¢OH
attack, matching with the in situ DRIFTS results (Fig. 8E-F). Overall, the
mechanism of HCHO mineralization was reasonably investigated in
Fig. 9B. Compared with the HCHO conversion path of NH,-COF and
Ov-TiO, (HCHO - DOM — HCOOH — COy/H,0), the targeted
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construction of the Ov-M-N charge channel in NH,-COF/Ov-TiO,
promotes the directional migration of photoexcited e~ into NH,—COF,
activating adsorbed O to form O3 and converting into ¢OH through the
H,0, intermediate, and then the corresponding h™ directly activates
adsorbed H,O to produce e¢OH instantly. Moreover, the superior pro-
duction of eOH can enhance the break of the C-H bond in the -CHO
group and the formation of the C-OH bond to come into being HCHO
instead of DOM, thus explicitly demonstrating the oxidation pathway of
HCHO in NH,-COF/Ov-TiO, (HCHO — HCOOH — CO,/H,0).

4. Conclusion

This work provides an attractive strategy for effciently decontami-
nating multiple VOCs (formaldehyde, acetaldehyde, and acetone) into
harmless CO, and H,0, which well ensures the environmental greening
of photocatalytic VOCs oxidation technology. A facile in situ growth
method has been provided to precisely regulate the oriented adsorption
sites and Ov-M-N charge channel (M = Ti, Zn, W, Ce) on NH,-COF/
Ov-MOy Z-scheme heterojunction. Systematic characterization and
theoretical calculations unveil that the charge channel introduced on the
composite interface can distinctly facilitate the separation of photo-
excited carriers to activate O, and H,O and generate abundant ¢OH,
thereby enhancing the conversion of HCHO to HCOOH. Due to the
promotional effect of -NH, functionalization, the HCHO adsorption on
the photocatalyst interface is signifcantly improved. This work not only
reveals the correlation between the precise regulation of charge chan-
nels and oriented formation of reactive oxygen species but also exposes
the relationship between the —-NH, functionalization sites and the eff-
cient adsorption of VOCs, inspiring new ideas for the rational design of
superior COF-based photocatalysts to be applied in a variety of envi-
ronmental remediation felds.
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Fig. 9. The calculated activation energies (E,) for the probable HCHO degradation pathways (A). The possible mechanism of photocatalytic HCHO oxidation over

NH,-COF, Ov-TiO,, and NH,~COF/Ov-TiO, (B).
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