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K*-modified birnessite materials were constructed to remove formaldehyde (HCHO) in this work. The
introduction of K* led to weakening of the Mn—-O bonds and enhanced the migration of superficial lattice
oxygen, resulting in improved redox properties and catalytic activity. MnO,-3K with the largest specific
surface area and greatest abundance of superficial lattice oxygen showed the best catalytic performance
at 30-130 °C. The operando analyses reveal that HCHO is primarily activated to dioxymethylene (DOM)
and subsequently converted to formate species (*COOH). The accumulation of formate species caused a
decline in catalytic performance during extended testing at 30 °C, a challenge that could be mitigated by
raising the temperature. Theoretical studies disclose that the *COOH — *H,COsz step with the largest
energy barrier is the rate limiting step for HCHO deep decomposition. Molecular oxygen could be acti-
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vated at oxygen vacancies to replenish the depleted lattice oxygen after decomposition of carbonate
species (*H,COs) and CO, and H,O desorption. The adsorbed oxygen and water did not limit the deep
oxidation of HCHO. This research presents a promising approach for designing highly efficient, non-
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1. Introduction

Formaldehyde (HCHO) primarily emanating from decorative
furniture stands out as a prominent indoor pollutant."™ The
pursuit of technological advancements for the enduring degra-
dation of indoor HCHO at ambient temperature has become
an important concern. Catalytic oxidation technology has
shown promise in converting HCHO into carbon dioxide and
water, devoid of harmful by-products.>” While noble-metal-
based catalysts exhibit impressive efficiency in HCHO oxi-
dation at room temperature, their widespread application is
hindered by the high cost of noble metals and resource
scarcity.®'* Manganese oxides have recently emerged as prom-
ising materials for diverse applications in pollution
abatement."*>* However, it is still a great challenge to achieve
high catalytic activity and long-term stability at ambient temp-
erature for HCHO oxidation over MnO,-based catalysts.
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noble metal catalysts for formaldehyde degradation.

To address the challenge of catalyst inactivation at room
temperature, numerous studies have explored modifications to
the original MnO, catalyst to enhance the decomposition of
intermediates during catalysis. Recently, alkali metal doping
has been identified as an effective method for promoting cata-
Iytic activity. Studies by Zhang et al. demonstrated that an
increased concentration of K' significantly enhanced the cata-
Iytic efficiency for HCHO oxidation by considerably boosting
the lattice oxygen activity.”® Huang and co-authors found that
a medium concentration of K' resulted in large amounts of
surface active oxygen species, including surface-adsorbed
oxygen and surface hydroxyl groups, with a Langmuir-
Hinshelwood mechanism being implicated during the HCHO
oxidation process.”* Research by Shi’s group indicated that
surface-adsorbed oxygen on CoMn oxides could be generated
by Na/K doping, which enhanced HCHO oxidation.>® Jia and
co-authors reported that K' enhanced the mobility of the
lattice oxygen, which provided surface active oxygen to sustain
HCHO oxidation.?® Liu et al. proposed that the addition of K*
over e-MnO, provided oxygen vacancies, inducing more active
hydroxyl species through water activation.?” These studies col-
lectively highlight the crucial role of potassium in generating
surface reactive oxygen species (ROS), which mainly consists of
surface lattice oxygen and chemisorbed active oxygen from
molecular O, activation.'”**?”*? He’s group proposed that
intermediates are easily formed by the oxidation of surface
lattice oxygen at ambient temperature.'* Guo et al. confirmed
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that surface lattice oxygen species of 3-MnO, did not partici-
pate in HCHO oxidation.®®> The above-discussed findings
confirm the importance of ROS; however, the effects of ROS
(especially surface lattice oxygen) and the detailed reaction
route during HCHO oxidation remain to be determined.**

Herein, we present a strategy to construct a series of K'-
modified birnessite materials. The weakened Mn-O bond and
enhanced migration of superficial lattice oxygen promote the
oxidation of catalysts and facilitate HCHO degradation. The
adsorbed oxygen and water did not limit the deep oxidation of
HCHO. We found that HCHO was first adsorbed on the
surface of birnessite, then easily transformed into dioxy-
methylene (DOM), which was then transformed into formate
species. The transformation from formate species to carbonate
species is a rate limiting step, which could be accelerated by
temperature increments. Finally, carbonate species minera-
lized to CO, and H,0. Oxygen vacancies formed after super-
ficial lattice oxygen was consumed and could be replenished
by adsorbed oxygen molecules. This work might provide mean-
ingful insights into designing the next generation of efficient
MnO,-based catalysts.

2. Experimental section
2.1 Catalyst preparation

All samples were synthesized using a hydrothermal method.
For an unmodified MnO, sample, KMnO, (8.40 mmol) was
dissolved in 70 mL of deionized water by stirring. Then, the
solution was transferred into a 100 mL Teflon-lined stainless
autoclave and sustained at 140 °C for 8 h. The precursor was
separated by filtration and washed with ethanol and H,O, and
then dried at 60 °C in a vacuum oven for 12 h. The preparation
of the other three samples could be tuned by changing the
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amount of KCl additive in the KMnO, solution. Three KCI
quantities, i.e., 0.84, 2.52, and 4.20 mmol, were selected in this
study, and the prepared samples were labelled as MnO,-1K,
MnO,-3K and MnO,-5K, respectively.

2.2 Catalyst characterization

The samples were characterized by X-ray diffraction (XRD) pat-
terns, Raman spectra, N, adsorption and desorption iso-
therms, scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), X-ray photo-
electron spectroscopy (XPS), oxygen-temperature-programmed
desorption (O,-TPD), hydrogen-temperature-programmed de-
sorption (H,-TPR), and in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). Detailed procedures
for characterization and density functional theory (DFT) calcu-
lations are described in the ESL.{

2.3 Activity test

The process of HCHO degradation was conducted on a fixed
bed by filling 100 mg of the catalyst in a quartz tube (¢;, =
6 mm). HCHO was supplied by flowing Ar over paraformalde-
hyde in a glass bottle that was placed in a water bath. The total
gas flow rate was set at 100 mL min~", and the RH was con-
trolled by bubbling O, into the water. The concentration of
HCHO was tested using the MBTH method, which is described
in the ESIL.{ The produced CO, was monitored online using a
gas chromatograph (GC-7900, Tianmei, China). The HCHO
conversion as well as CO, yield (Sco,) are defined as follows:

[HCHO}in — [HCHO]Out

HCHO conversion (% ) = HGHO]_ x 100% (1)
. [CO,]

CO,yield = ———="% x 100 2

Vel =feno), <107 )

3. Results and discussion
3.1 Catalytic activity

The catalytic performance of MnO,, MnO,-1K, MnO,-3K, and
MnO,-5K catalysts was evaluated for their removal efficiency of
HCHO. Fig. 1a shows the HCHO conversion with increasing
reaction temperature for all four catalysts. Notably, MnO,-3K
exhibited the highest activity with 60% HCHO conversion at
30 °C and the lowest E, at about 7.55 k] mol™". The durability
of the catalyst is crucial for practical applications. As shown in
Fig. 1b, the HCHO conversion of MnO,-3K remained as high
as 50% for the initial 20 h, followed by a slight decrease to
40% over the subsequent 28 h at 30 °C. Remarkably, at 90 °C,
the conversion remained constant at 100% without any
decline within 48 h.

3.2 Morphological properties

The crystal structure of the as-prepared catalysts was character-
ized by XRD. As shown in Fig. 2a, there are two weak peaks at
12.5° and 25.2° observed for the MnO,-1K sample, which can

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Removal efficiency of HCHO on different catalysts with
varying temperatures; the inset shows Arrhenius plots for the samples.
(b) Stability of HCHO oxidation on MnO,-3K for 48 h at 30 °C and 90 °C.
Reaction conditions: 500 ppm HCHO, 20 vol% O,, RH = 70%, GHSV =
60000 mL (g h)™.

be assigned to the (001) and (002) planes of birnessite (JPCDS
80-1098). Two asymmetric broad peaks at 37.0° and 66.2° were
identified as the (006) and (119) planes corresponding to bir-
nessite-type manganese oxide (JCPDS 18-0802).>*?°738
However, for the other three samples, only the peaks at 37.0°
and 66.2° appeared, and the (001) and (002) peaks were not
visible, which could be attributed to random interstratifica-
tion.?® The observation of broad and diffused diffraction peaks
in the XRD analysis indicates the poor crystallinity of all
samples.

Raman spectroscopy was used to further analyze the struc-
tural characteristics of the samples. As shown in Fig. 2b, all the
samples showed specific peaks from 200 to 1000 cm™" with two
typical bands: the region from 300 to 400 cm™" and the region
from 630 to 640 cm™", which suggested the assighment of a bir-
nessite-type phase as the main dioxide component.’’ The
Raman band observed at 630-640 cm™" corresponds to the
stretching of the O-Mn-O bonds, which is perpendicular to the
chains of O-Mn-O-Mn-O in the basal plane of the MnOs
octahedra.*’™ The peaks of this Raman mode over MnO,,
MnO,-1K, MnO,-3K, and MnO,-5K are at 639, 637, 633, and
633 cm™ ", respectively. The slight red shift of the Raman mode
indicates the weakening of the Mn-O bond strength along the
interlayer direction of the birnessite structure after K" introduc-
tion, which improves oxygen mobility.””***® The Raman and
XRD results indicate that tuning the additive content of K
could affect the crystal structure of birnessite.

N, adsorption and desorption isotherms were recorded to
analyze the porosity and specific surface area of the samples.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) XRD patterns and (b) Raman spectra of the prepared samples.
(c) N adsorption—desorption isotherms measured for the samples; the
inset shows the corresponding pore size distribution curves.

As shown in Fig. 2c, all the isotherms correspond to a type IV
curve. The appearance of H3-type hysteresis loops (P/P, > 0.8)
signified the mesoporous nature of the samples.'®** Table 1
presents the specific surface area calculated using the
Brunauer-Emmett-Teller method and the corresponding pore
volume data for the samples. Among the samples, MnO,-3K
exhibited the highest specific surface area (101 m”> g~') and
pore volume (0.62 cm® g™'), which may result in intensive
adsorption capacity of HCHO, consequently promoting the
removal efficiency of HCHO.

Fig. 3 shows the morphology and microstructure of the as-
prepared catalysts, which were observed using the SEM and
TEM techniques. The nanoparticles were first fabricated for all

Table 1 Specific surface area and pore volume data of the samples

Surface area Pore volume Average pore

Sample (m>g™) (em® g™ diameter (nm)
MnO, 75 0.44 20
MnO,-1K 52 0.27 19
MnO,-3K 101 0.62 20
MnO,-5K 70 0.55 29
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Fig. 3 SEM, TEM, and HR-TEM images (from left to right) of (a—c) MnO,, (d—f) MnO,-1K, (g—i) MnO,-3K, and (j-l) MnO,-5K.

samples and ultrathin nanosheets grew along the particles.
The nanosheets on MnO,-3K displayed the largest laminate
size with a thickness of less than 2 nm, which is beneficial for
exposing active sites. However, the growth of the nanosheets
was inhibited over MnO,-1K and MnO,-5K, which indicated
that the additive content of K" greatly affected the microstruc-
ture of birnessite. In the HR-TEM images, lattice fringes with
0.24 nm d-spacing are indicative of the (006) plane of birnes-
site. Additionally, the HR-TEM images proved the poor crystal-
linity of all samples.

3.3 Electronic and redox properties

Fig. 4 shows the XPS spectra of all samples. The Mn 2pj/, spec-
trum exhibits two distinct peaks at 642.5-643.3 and
641.1-641.3 eV, corresponding to Mn** and Mn**, respectively
(Fig. 4a)."**7*8 1t is worth noting that the XPS peak for Mn**
shifts from 642.5 eV (MnO,) to 643.3 eV (MnO,xK (x = 1, 3,
and 5)), which indicates Mn** over MnO,xK (x = 1, 3, and 5)
has stronger oxidation ability with lower negative charge
density.*” The content of Mn®" and Mn*" can be estimated as
~76% and ~24% over all samples as shown in Fig. 4c based on
their respective peak areas, which indicates the existence of

12544 | Nanoscale, 2024, 16, 12541-12549

oxygen vacancies. Additionally, Mn/O molar ratios in all
samples remained at about 0.4, suggesting the existence of Mn
defects, which could enhance the activity and mobility of adja-
cent oxygen atoms.>”

O 1s spectra (Fig. 4b) were deconvoluted into three peaks at
532.3-532, 531-530.8, and 529.5-529.3 eV, assigned to
adsorbed H,O (Oyy), adsorbed oxygen and carbonates (Op),
and lattice oxygen (Oy), respectively.'>°>" As shown in Fig. 4d,
the atomic ratio of lattice oxygen was maintained at about 61%
over all samples while MnO,-3K has a greater abundance of
adsorbed H,O due to its larger specific surface area.

The O,-TPD technique was employed to determine desorp-
tion and mobility of oxygen species over the samples (Fig. 5a).
TCD signals at 150-400 °C and above 400 °C belong to
adsorbed oxygen and lattice oxygen, respectively.>®*”%%>3
Chemically adsorbed oxygen was first detected at 300, 350, 210
and 275 °C over MnO,, MnO,-1K, MnO,-3K, and MnO,-5K
with ultra-low peak intensity, respectively, and then a large
amount of superficial lattice oxygen and bulk lattice oxygen
was desorbed. This indicates that superficial lattice oxygen
could provide the main active sites for HCHO oxidation over
the samples and that adsorbed oxygen does not limit the oxi-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Mn 2p and (b) O 1s regions of the XPS spectra of four samples. (c) The content of Mn** and Mn** and the ratio of Mn/O. (d) The content
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Fig. 5 O,-TPD (a) and H,-TPR (b) profiles of the samples.

dation of HCHO under the testing conditions with adequate
0,, while modification by K" could promote the migration of
superficial lattice oxygen to construct more active centers.

As shown in Fig. 5b, H,-TPR profiles of all samples reveal
hydrogen consumption in the range of 400-700 °C. MnO,, pre-

This journal is © The Royal Society of Chemistry 2024

sents two reduction peaks located at around 500 and 652 °C,
which can be assigned to Mn*" — Mn** and Mn*" — Mn”",
respectively.”’ In the first reduction stage, MnO,-1K, MnO,-3K,
and MnO,-5K show lower reduction temperatures, ie., 434,
440, and 447 °C, respectively, which indicate that the
migration of surface lattice oxygen was strengthened by K*
doping and induced greater redox properties. Generally, the
interaction between oxygen species and hydrogen, and the
metal reducibility at low temperatures, are closely associated
with the catalytic performance.?” Furthermore, the area of the
first reduction peak over K'-modified samples follows the
order of MnO,-3K > MnO,-1K > MnO,-5K, suggesting that
MnO,-3K displays the highest initial H, consumption rate,
thus leading to the best catalytic activity for HCHO oxidation,
as shown in Fig. 1.

3.4 In situ DRIFTS and mechanism

To explore the reaction mechanism and the role of oxygen
species during HCHO degradation, intermediate species on
MnO,-3K under various reaction conditions were identified via

Nanoscale, 2024, 16, 12541-12549 | 12545
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Fig. 6 In situ DRIFTS of MnO,-3K, which was in situ heated in Ar at
400 °C for 30 min then cooled to 30 °C (a) and 70 °C (b). Humid HCHO/
Ar was first introduced for 30 min, followed by dry O/Ar for 30 min. (c)
In situ DRIFTS of MnO,-3K at different temperatures under a flow of
humid HCHO/O,/Ar. Each temperature was scanned for 10 min.

in situ DRIFTS, as shown in Fig. 6. After surveying the litera-
ture, the main intermediates are dioxymethylene (CH,O,,
DOM), formate species, and carbonate species (Table 2) found
on the catalyst’s surface.

In situ DRIFT spectra of MnO,-3K exposed to humid HCHO/
Ar at 30 °C over different time periods are shown in Fig. 6a. As
the exposure time is prolonged, the intensity of the peaks for
DOM (810, 860, 900, and 1085 cm™ '), formate species (1356,
1580, 1615, 2690, and 2782 cm™ "), carbonate species (1480 and
1670 cm™ "), and adsorbed water (3560 cm™") increased. These
results indicate that HCHO could be easily transformed to
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DOM, which can be further oxidized to formate species by
superficial lattice oxygen at 30 °C, leaving the surface oxygen
vacancies.”” Then formate species transformed to carbonate
species, which could finally decompose to CO, and H,O. After
30 minutes, the flow of humid HCHO/Ar was switched off and
dry O,/Ar was introduced. The peak intensity of DOM
decreased significantly as the exposure time increased. As
reported, the oxygen molecules could be activated on oxygen
vacancies to replenish the lattice oxygen.”” Meanwhile, the
peak intensity of the formate species strengthened, indicating
that DOM is continuously transformed into formate species
after O, introduction and the peak intensity of the carbonate
species was weakened. The above results indicate that formate
species could continuously accumulate on the surface of
MnO,-3K with adequate O, in the testing process, which
finally induced deactivation of catalytic activity as shown in
Fig. 1b. Therefore, it can be concluded that adsorbed oxygen
does not accelerate the deep oxidation of HCHO, and the
transformation of formate species into carbonate species is
the rate limiting step during the deep degradation of HCHO.

The in situ DRIFT spectra of MnO,-3K at 70 °C are displayed
in Fig. 6b. DOM, formate species and carbonate species were
detected after humid HCHO/Ar was introduced for 1 min. The
peak intensity of DOM and formate species remained almost
unchanged after 5 min. It can be found that the peak intensity
of DOM in Fig. 6b is weaker than that in Fig. 6a. However, the
peak intensity of formate species in Fig. 6b is stronger than
that in Fig. 6a. These results indicate that the transformation
of DOM to formate species was accelerated by the temperature
increase, which could be attributed to more activated super-
ficial lattice oxygen at a higher temperature. Furthermore, the
peak intensity of carbonate species gradually weakened after
5 min, which indicates that the formed carbonate species
decomposed to CO, and H,0 on the surface of MnO,-3K.
Adsorbed water was detected as shown in both Fig. 6a and b,
and the differing evolution trends of the peak intensity of
formate species and carbonate species suggest that the
adsorbed water could not significantly promote the transform-
ation of DOM into formate species and the decomposition of
carbonate species. Then the flow of humid HCHO/Ar was
switched off and dry O,/Ar was introduced. The peak intensity
of DOM, formate species and carbonate species decreased,
which indicates that the consumed superficial lattice oxygen
was replenished by oxygen molecules to continuously degrade
HCHO to ensure stable and high catalytic activity at the higher
temperature (Fig. 6b). The above results confirm that the trans-
formation of formate species into carbonate species is highly
dependent on the activity of superficial lattice oxygen but not
on adsorbed oxygen and water.

Spectra from in situ DRIFTS of MnO,-3K exposed to humid
HCHO/O,/Ar under different temperatures are shown in
Fig. 6c. DOM, formate species, and carbonate species were
detected while increasing the temperature. Meanwhile, no
other intermediates were observed. This suggests that the coex-
istence of adsorbed oxygen and water did not affect the reac-
tion route of the HCHO degradation over MnO,-3K.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Assignments of peaks in the in situ DRIFTS

Peak (em™')  Assignment Ref.

810 1(CO) of DOM 54

860 (CO) of DOM 54

900 1(CO) of DOM 27 and 55
1085 1(0CO) of DOM 56

1356 v5(OCO) symmetric stretch of formate 55-57
1480 Carbonate species 56, 58-60
1580 Va5(0OCO) asymmetric stretch of formate 56 and 57
1615 Formate species 6, 58-60
1670 Carbonate species 58 and 61
2690 Formate species 62

2780 Vas(CH) of formate 62

2939 +(CH) in DOM 62

3560 1(OH) stretch of adsorbed water 31

Based on the results of in situ DRIFTS, the energetically
favorable reaction pathways of HCHO oxidation by superficial
lattice oxygen over the birnessite material were evaluated using
DFT calculations. As shown in Fig. 7, the reaction proceeds in
six elementary steps: HCHO adsorption (HCHO — *CH,O0),
adsorbed HCHO activation (*CH,O — *CHO + *OH), DOM for-
mation (*CHO + *OH — *CHOOH), DOM dehydrogenation to
form formate species (*CHOOH — *COOH + *OH), *H,COj3
formation (*COOH + *OH — *H,CO3;), *H,CO; decomposition
and CO, and H,O desorption. Obviously, DOM could be easily
formed from adsorbed HCHO with an endothermic energy of
0.11 eV. Then, DOM is further dehydrogenated to form
formate species with an exothermic energy of 0.76 eV, which
indicates that the transformation of DOM into formate species
can easily occur at a relatively low temperature. However, the
step from formate species to H,COj; is an endothermic process
with the largest reaction heat of 0.86 eV, which is recognized
as the rate determining step of HCHO degradation and in
great agreement with the in situ DRIFTS results. The decompo-
sition of *H,CO; and desorption of CO, and H,O could easily
occur with an exothermic energy of 1.3 eV. Then, oxygen
vacancies were formed and could be replenished by adsorbed
oxygen molecules. According to the results of the in situ
DRIFTS and DFT calculations, it is evident that the superficial
lattice oxygen acts as an active center to break the C-H bond
of HCHO.
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Fig. 7 Free energy diagram of HCHO oxidation over the (100) plane of
the birnessite material. O: red; Mn: purple; C: gray; and H: white.
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4. Conclusions

In summary, we developed a series of K'-modified birnessite
materials enriched with reactive superficial lattice oxygen to
promote HCHO degradation. Further characterization by
various techniques provide evidence that K' modification
induced a weakened Mn-O bond and enhanced migration of
superficial lattice oxygen to promote the oxidation of birnes-
site materials. Moreover, the content of the K" additive regu-
lated the crystal structure, micro-morphology, and specific
surface area of the samples. As a result, MnO,-3K, with the
largest specific surface area and the greater abundance of
superficial lattice oxygen, exhibited the best catalytic activity
and facilitated 60% HCHO conversion at 30 °C. We found that
DOM, formate species, and carbonate species are the main
intermediates during HCHO oxidation. The adsorbed oxygen
and water did not limit the deep degradation of HCHO.
Moreover, the accumulation of formate species resulted in the
deactivation of MnO,-3K at the relatively low temperature of
30 °C. Elevated temperatures can accelerate the transformation
of formate species to carbonate species then to CO, and H,O.
This work demonstrates that reactive superficial lattice oxygen
on birnessite materials is the main active center for HCHO
degradation.
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