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Formaldehyde (HCHO) oxidation to improve indoor air quality has attracted extensive attention. Designing
efficient catalysts for HCHO removal at room temperature still remains challenging. Herein, we report
a novel strategy to boost HCHO oxidation by the synergistic effect of Pt nanoparticles and CsN4. The
pyridine nitrogen of C3N4 can create Lewis base sites, which function in adsorbing and activating O,
molecules. As the preparation temperature increased, the pyridine nitrogen content increased on the
C3sNy4 surface, leading to a more significant synergistic effect. The mechanism study by in situ DRIFTS
indicated that the adsorbed O, molecules were activated by Pt/CsN4. As a result, the Pt/C3N4-650 has
the most outstanding performance for HCHO oxidation at room temperature. HCHO can be completely
eliminated with a concentration of 80 ppm at room temperature at a GHSV of 50 000 ml g~* h™*. This
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1 Introduction

Formaldehyde (HCHO) as a typical indoor air pollutant seriously
threatens human health, because prolonged exposure to HCHO
can lead to skin irritation, cancer and other diseases.*™ In order
to meet environment regulations and human health needs, lots
of approaches have been studied to remove indoor air HCHO in
the past few decades. Among them, physical adsorption, photo-
catalysis and catalytic oxidation were considered as effective
methods for indoor air purification.*® Catalytic oxidation tech-
nology utilizes catalyst activated oxygen to thoroughly purify
gaseous pollutants, it can completely convert HCHO into harm-
less CO, and H,O without generating secondary pollutants, and
has been widely used in industrial fields.

Generally, catalytic oxidation of HCHO follows the Mars-Van
Krevelen mechanism, in which the oxygen species (0>~, O™, etc.)
on the surface of the catalyst play a significant role.”*® Platinum-
based materials are efficient and widely used catalysts for HCHO
oxidation because Pt° active sites can efficiently activate O-O
bonds to produce surface oxygen species for promoting HCHO
oxidation."™ Unfortunately, as a precious metal, platinum's
high cost limits its widely used, so improving catalytic
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study will provide a new perspective to design efficient HCHO oxidation catalysts.

performance and reducing usage are effective means to promote
its industrial application process. The application of carrier
maybe one of the best methods to resolve these problems, due to
carrier can increase the Pt dispersion to further advance its
utilization.™ In the past few decades, a large numbers of carriers
supported Pt catalyst have been studied for HCHO oxidation. For
example, metal oxides (MnO,, Co030, CeO,, Al,O; etc.),
compound oxide (MnO,—-CeO,) and non-metallic oxide (SiO,) as
carriers can not only increase the Pt dispersion, but also provide
a space for forming reactive oxygen species to enhance the
catalytic performance.™ "™ In addition, it has been confirmed
that the hydroxyl-rich carrier (TiO,, AIOOH, FeOOH, etc.) can
resulted in a new reaction path over Pt for HCHO oxidation.>***
In the presence of hydroxyls near the platinum, HCHO can
proceed as follow steps: HCHO — HCOO™ + OH™ — H,0 + CO,,
which has lower energy barriers compared to the direct HCHO
oxidation route (HCHO — HCOO — CO — CO0,).>>>?
However, when oxides used as supports, the use of catalysts may
be limited by the environment, such as acidic environment.
Therefore, non-oxide supported noble metal catalysts are still
a highly importance research topic.

Carbon nitride (especially g-C;N,) as a star material is
a conjugated polymer composed of carbon and nitrogen.*® The
structure characteristics endow carbon nitride with special
physical and chemical properties, such as excellent hardness,
resistance to acids and alkalis and so on.* It has been proved
that using urea as raw material, polymerized carbon nitride is
formed when the synthesis temperature is higher than 390 °C,
and polymerized C;N, crystallizes into g-C3N, when the
synthesis temperature is higher than 520 °C.***' Recently, Gan
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et al. reported carbon nitride supported Pt nanoparticles
possess extraordinary capability for catalytic toluene oxidation
because it can boost O, activation.*” Similarly, activation of
molecular oxygen is also a crucial step for HCHO oxidation.

In this work, we report a novel strategy to boost HCHO
oxidation over Pt/C3N,: the C species neared pyridinic N of
carbon nitride could effectively adsorb and activate O, molec-
ular to assist Pt catalytic HCHO oxidation. Due to the increase of
carbon nitride preparation temperature, it's crystal structure
would change, resulting in the increase of pyridine nitrogen
content on carbon nitride. Pyridine nitrogen is suggested to
create the Lewis based site and the oxygen molecules can be
adsorbed on Lewis based sites.*® The increased pyridinic N of
carbon nitride was demonstrated as an efficient strategy to
improve the ability to activate oxygen.** The result shows that
the Pt NPs supported on C3N,-650 exhibited superior catalytic
performance for HCHO oxidation and the catalyst with Pt
loading as low as 0.48 wt%. In situ DRIFTS was used to confirm
the promotion effect of using C;N, as Pt catalyst support. This
study provides guidance on the non-oxide and metal-free
material as catalyst carrier for HCHO oxidation.

2 Experimental
2.1 Preparation of different Pt/CN catalysts

A certain amount of urea was sealed in a ceramic crucible and
placed into muffle furnace. It was heated up to corresponding
temperatures (450, 550 and 650 °C) with a heating rate of
5°C min~ ", and kept at this temperature for 2 h. The product
was cooled down to room temperature and ground to powder.
The obtained samples were denoted as CN-450, CN-550, CN-
650, respectively.®**¢

Taking Pt/CN-450 as an example, 200 mg of CN-450 and
1.65 mL K,PtCl, (5 mmol L") were added to a three-necked flask
with 300 mL deionized water and ultrasonic dispersion it for
30 min. Continuously pour 10% H,/Ar into the three-necked
flask for 4 h at room temperature while magnetic stirring. The
solid products were collected by centrifugation and washed four
times with deionized water and dried in vacuum overnight. The
Pt/CN-550, Pt/CN-650, were prepared with similar procedure
except for using the different carbon nitride supports.

2.2 Characterization

X-ray diffraction (XRD) patterns were obtained from a Bruker's
D8 ADVANCE powder X-ray diffractometer with Cu Ko radiation
(A = 0.15418 nm; the scanning rate was 4° min~ " in the range of
26 = 10-80°). The contents of Pt were measured by inductively
coupled plasma-atomic emission spectrometry (ICP-AES, Agi-
lent 720, USA). Fourier transform infrared (FTIR) spectra were
recorded with a Nicolet iS10 FTIR spectrometer ex situ in air.
Field Emission Scanning Electron Microscope (FE-SEM) images
were performed by using ZEISS Gemini 300 (Germany). Trans-
mission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images were obtained using a JEM-F200. X-ray
photoelectron spectroscopy (XPS) was measured on Thermo
SCIENTIFIC ESCALAB 250Xi. Nitrogen, carbon and hydrogen
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content in catalyst was measured by a Vario El cube elemental
analyzer (Elementar, Germany). H,-temperature programmed
reduction (H,-TPR) was carried out in AMI-300 with a TCD.
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) analysis of the nitrogen adsorption and desorption
isotherms at 77 K recorded on micromeritics ASAP 2020.
Diffused reflectance infrared Fourier transform spectroscopy
(DRIFTS) measurements were performed on a Nicolet iS50
spectrometer, equipped with a liquid N, cooled MCT detector.
The turnover frequency (TOF) calculation formula of the
samples were shown in the ESIL.{ The calculation of pyridine
nitrogen distribution is as follows,

D =m x Mnitrogen X Mpyridinic N X S

[m] = quality of catalyst, [Rpirogen] = actual nitrogen concen-
tration, [7pyridinic ] = Pyridinic N content, [S] = surface area of
catalyst.

2.3 Catalytic activity evaluation

A fixed bed reactor is used to evaluate the performance of HCHO
removing. The 80 ppm HCHO vapour was generated by
bubbling the aqueous formaldehyde with a flow of dry air (20
mL min~") and then diluted with dry air (30 mL min~"). HCHO
vapor was passed through a quartz tube (d = 7 mm) with 0.06 g
catalyst loaded. The total flow rate was controlled at 50
mL min~" by mass-flow meters, affording a gas hourly space
velocity (GHSV) of 50 000 mL g ' h™ . The HCHO concentration
in the inlet ((HCHO]in1e) and outlet ((HCHO]ouer) gas stream
was analyzed by the phenol spectrophotometric method (the
details of method are shown in the ESI{).>® The HCHO conver-
sion was calculated as:

[HCHOJ;,,, — [HCHOJ
[HCHO]

HCHO conversion (%) = outlet 5 100%

inlet

3 Results and discussion
3.1 Structural properties of the synthesized Pt/CN-x

In order to study the effect of CN supports on HCHO oxidation
performance, the XRD and FT-IR were utilized to study the
structure of the series supports and the results are shown in
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Fig. 1 Structure properties of different carbon nitride supports (a) X-
ray diffraction (XRD) patterns. (b) Fourier transform infrared (FT-IR)
spectra.
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Fig. 1. In Fig. 1a, the result demonstrates that crystalline C3N,
polymer materials were synthesized at different temperatures.
The characteristic peaks at about 12.7° and 27.5° are attributed
to (100) and (002) facets of g-C;N,. The weaker peak is related to
an in-plane structural packing motif, which represents an about
0.680 nm repeat distance.*” While the stronger peak is related to
polymeric or graphitic sheets, which corresponds to an about
0.324 nm repeat distance.*® With the synthesis temperature
increased, the observed changes can be attributed to distortions
of crystal lattice of the synthesized g-C3;Nj,.

In Fig. 1b, the results of FT-IR also confirm the formation of
2-C3;N, under different prepared temperature.®***° Broad band
near 3200 cm ' contains absorption peaks represent NH
groups. Peaks at 1683 and 1638 cm ™" correspond to double
C=N bond stretching mode and NH, groups overlapping
deformation mode, respectively. For these three carriers, the
more obvious difference is the peaks in 1460 and 1406 cm ™'
which are a tri-s-triazine aromatic rings double bond C=N
stretching modes. Group of adsorption lines near 1200-
1350 cm " (1324, 1246 and 1213 cm ™ ') can be assigned to the
C-N bonds stretching. And 1324 cm ™" is related to the C-N
stretch in the threefold N-bridge linking the tri-s-triazine rings.
Adsorption in 812 ecm ™! is a s-triazine ring. These results show
that the structure of carbon nitride changes as the preparation
temperature increases.

The structure and morphology of catalysts were observed by
scanning electron microscope. It can be seen from SEM images
(Fig. 2) that carbon nitride is formed by stacking, and the higher
the preparation temperature, the greater the degree of poly-
merization. Therefore, the specific surface area of carbon
nitride will increase with the increase of -calcination
temperature.

The surface chemical states of the series Pt/CN catalysts were
characterized by XPS to further study the effect of CN supports
on HCHO oxidation performance as shown in Fig. 3. As dis-
played in Fig. 3a, the survey scan XPS spectrum reveals the
existence of C, N, O and Pt elements in the Pt/CN sample. In
Fig. 3b, the C 1s spectra were fitted to two peaks, belonging to
C(N); (288.2 eV) and adventitious carbon (284.8 eV).** In the
Fig. 3c, the sharp N 1s XPS signal with a shoulder can be
assigned to pyridinic N (398.8 eV), pyrrolic N (400.0 eV) and
graphitic N (401.1 eV), respectively.***! The quantify of N species
are analyzed by elemental analyzer and XPS as shown in Table 1.
As we can see, with the increase of roasting temperature, the
content of N species increased from 58.1% to 61.6% in C3N,
supports. Among them, the graphitic N remains almost
constant, while the pyrrolic N decreases from 25% to 13%. As
for pyridinic N, its content increases with the increase of
roasting temperature and achieves more than about 70%. It is
generally known that pyridinic N can create Lewis base sites,
which can effectively adsorb and activate oxygen molecules, it
may be one of the key factors for the high activity of HCHO
removing over Pt/CN-650, due to the synergistic effect of acti-
vated oxygen.*»*** Calculating the distribution of pyridine
nitrogen on the surface of catalysts, the result increased from
0.48 to 1.39 (Table 1). It indicates that the pyridinic N can be
more widely distributed on the catalysts at a higher preparation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 SEM images of different supported Pt samples. (a and b) Pt/CN-
450, (c and d) Pt/CN-550, (e and f) Pt/CN-650.

temperature of carbon nitrogen. The chemical states of Pt were
investigated using Pt 4f XPS spectra as shown in Fig. 3d. As we
can see, the dominant peaks located at 73.7° and 70.6° can be
assigned to Pt’, indicating the Pt species exist in metal.**
However, with the increase of roasting temperature, the binding
energy of Pt are significantly shift from 73.7 to 74.0 eV, sug-
gesting the interaction between Pt and CN support are
enhanced. In addition, it can be seen from the literature review,
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Fig.3 Surface chemical property of the samples (a) XPS survey spectra
of samples. (b) C 1s XPS spectra. (c) N 1s XPS spectra. (d) Pt 4f XPS
spectra.
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Graphitic N? Pyrrolic N Pyridinic N
Samples Nitrogen concentration® (%) ev at% at% ev at% Distribution of pyridine nitrogen®
Pt/CN-450 58.8 401.2 6 400 25 398.8 69 0.48
Pt/CN-550 60.8 401.3 9 400 18 398.8 73 1.09
Pt/CN-650 61.6 401.0 9 400 13 398.7 78 1.39

“ The actual content of N obtained from elemental analyzer. ” Surface functionalities calculated based on peaks fit to XPS spectra. ¢ The calculation

method of pyridine nitrogen distribution was shown in characterization.

Pt** belongs to soft acids and pyridine nitrogen is borderline
bases. According to the HSAB theory, acids and bases interact is
strong interactions, which are turn to form stable Pt-N bonds.*®
As a result, the activated oxygen over CN-650 can migrate faster
to Pt, leading to the highest activity of HCHO oxidation over Pt/
CN-650.

In order to determine whether the size and morphology of Pt
species is affected by CN supports, which may result in different
performance of HCHO oxidation. The TEM was used to inves-
tigate the Pt dispersion on the surface of different CN supports
and the results are shown in Fig. 4. As we can see, the Pt
nanoparticles (NPs) are uniformly dispersed on the surface of
CN in Fig. 4a, c and e, and corresponding to the size of 4.49, 4.22
and 4.70 nm respectively as shown in insert graphs. It indicates
the size and morphology of Pt NPs maintain a similar state on
the surface of different CN supports. In addition, the lattice with
a d spacing of 0.23 nm was observed in the HRTEM images as
shown in Fig. 4b, d and f, which could be ascribed to the (111)

d=4.22 nm

Diameter (mm)

Fig. 4 TEM and HRTEM images of different supported Pt samples. (a
and b) Pt/CN-450, (c and d) Pt/CN-550, (e and f) Pt/CN-650.
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facet of metal Pt.** The loading of Pt NPs was also test by ICP-
AES as shown in Table 2 and the Pt loading is almost the
same in the series Pt/CN catalyst. These results suggest that the
different performance of the series Pt/CN must be associated
with the CN supports rather than the size, morphology, chem-
ical state and loading of Pt NPs.

3.2 Catalytic oxidation performance of different Pt/CN-x
catalysts

The performances of HCHO oxidation over Pt/CN-450, Pt/CN-
550, and Pt/CN-650 were investigated in a fixed bed reactor
and the results were shown in Fig. 5. Fig. 5a and b illustrates the
profile of HCHO conversions over the series catalysts. As we can
see, the conversion of HCHO increased with the increase of CN
supports preparation temperature, the Pt/CN-650 exhibits the
best catalytic ability, the HCHO conversion stays at 100% in the
temperature range of 25-105 °C and the gas hourly space
velocity (GHSV) of 50 000 mL g~ h™' is achieved, while T}
(complete conversion temperature of HCHO) were achieved at
75 °C for Pt/CN-550 catalyst and only 70% of HCHO is oxidized
at 25 °C. The Pt/CN-450 catalyst shows the lowest activity, about
47.5% of HCHO is removed at 25 °C and it cannot be completely
removed within the test temperature range. It can be seen from
Table S31 that compared with other non-oxide supported Pt
catalysts, the Pt/C;N, shows excellent catalytic oxidation
performance of HCHO. In addition, the TOF values of the
catalysts were calculated and summarized in Table 2. The Pt/
CN-450, Pt/CN-550 and Pt/CN-650 showed a TOF of 15.28,
19.55 and 30.72 h™%, respectively. It is clear that the increase of
preparation temperature of carbon nitride significantly
enhanced the activity of the Pt/C;N, catalysts. The HCHO
oxidation stability over Pt/CN-650 was test as presented in
Fig. 5¢ and d. The result shows it still maintained a high
conversion (>90%) even after 40 hours, indicating that the Pt/
CN-650 catalyst have excellent stability. Meantime, the recy-
cling runs of HCHO removal was also performed to evaluate the
stability of samples. Fig. 5d showed the removal efficiency of the
Pt/CN-650 remained stable after 3 cycles. The results above
suggest the different performance of the series Pt/CN must be
associated with the CN supports or Pt species.

3.3 Mechanism study

In Fig. 6, H,-TPR measurement was used to study the ability to
activate oxygen over the series Pt/CN catalysts, which was an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The Pt loading and performance of catalysts
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Sample Actual Pt loading® (wt%) Specific rate (mmol gp, *-h™) TOF (h™1)
Pt/CN-450 0.44 23.13 15.28
Pt/CN-550 0.48 31.25 19.55
Pt/CN-650 0.48 44.64 30.72
“ Pt loading obtained from ICP analysis.
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Fig. 5 (a) HCHO conversion rate over samples at room temperature.

(b) HCHO conversions over Pt/C3N,4 catalysts at various temperature.
(c) HCHO removal efficiency as a function of test time over Pt/CN-650
at room temperature. (d) HCHO removal efficiency as a function of
time over Pt/CN-650 in three recycling runs. Reaction conditions:
80 ppm HCHO/21%0O,/N,, RH = 35%, space velocity (SV) =50 000 mL
gth™

important factor for the HCHO removal as mentioned above.*
Before reducing by 10% H,/Ar, the samples were treated with
oxygen at 30 °C for 90 minutes to produce surface O species. As
shown in Fig. 6, the reduction temperature was shift from 57 to
50 °C with the increase of CN preparation temperature. The
lowest reduction temperature indicates oxygen was most easily
activated on the surface of Pt/CN-650. With the synergistic effect

TCD signal for H, comsumption (a.u.)

©)
6F 509
/ o N

25 50 75 100
Temperature (°C)

Fig. 6 H,-TPR patterns of the samples (a) Pt/CN-450, (b) Pt/CN-550,
(c) Pt/CN-650.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In situ DRIFTS spectra of O, + N, + HCHO gas mixture expo-
sure for up to 60 min at room temperature over (a) Pt/CN-450, (b) Pt/
CN-650.

of this activated O species, the performance of HCHO oxidation
is greatly improved.

In situ DRIFTS were performed to study the mechanism of
HCHO oxidation over the Pt/CN-450 and Pt/CN-650 catalysts
and the results are shown in Fig. 7. The characteristic peaks of
intermediates could be observed in the spectrum by differential
spectroscopy. Several weak peaks originated from the gradual
accumulation were detected in the range of 800-3000 cm ™' over
Pt/CN-450. The peaks at about 1010 and 1540 cm " are attrib-
uted to the dioxymethylene (DOM) species and »,5(COO ™) of the
formate species on the surface of Pt catalyst, respectively.*”*®
While the peak at about 1700 cm ™" is ascribed to the bridge
adsorbed v,4(CO). Compared to Pt/CN-450 catalyst, the peaks on
the surface of Pt/CN-650 are significantly enhanced and two new
peaks at 1347 and 2919 cm™ ', assigned to v,(COO~) and the
C-H stretching vibration of HCOOH*, are observed as shown in
Fig. 7b, indicating the performance of HCHO oxidation has
a substantial improvement with the synergistic effect of acti-
vated oxygen.*’

HCHO O,
L]
+ o0
J‘J

DOM
',3.‘) o\.jo,;o- ;10
RESRPL Y s
9% S TR

Scheme 1 Reaction pathway of catalytic-oxidation of HCHO on the
Pt/CsN4 catalysts at room temperature.
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Combined with the above, we speculate a possible reaction
process for HCHO oxidation over the Pt/CN-650 catalyst as
illustrated in Scheme 1. Firstly, HCHO and O, molecules are
adsorbed on the surface of Pt/CN-650 catalyst, then the CN-650
promotes the dissociation of oxygen to produce oxygen species
(0*, 07, 0*>7, etc.), which could oxidize HCHO to DOM or
formate species. Then, the adsorbed formate species will react
with H ions to form H,O and CO, which was further oxidized to
CO,.

4 Conclusions

In the present work, we report a new synergistic effect between
C;N, and Pt NPs for high efficiency HCHO oxidation at room
temperature. The pyridine nitrogen of C;N, can create Lewis
base sites, functioning in adsorbing and activating O, mole-
cules. Under this synergistic effect, the activated O species
greatly promote HCHO oxidation over Pt NPs. We found the
pyridine nitrogen content increased at a higher preparation
temperature, such that the Pt/C3N,;-650 has the most
outstanding performance for HCHO oxidation at room
temperature. This work provides a new strategy to boost HCHO
oxidation by the synergistic effect between activated O species
and Pt NPs, it will open a new vision on designing high-
performance catalysts for HCHO oxidation at room
temperature.
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