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Environmental Significance Statement

Room-temperature catalytic degradation (RCD) of sub-ppm formaldehyde was first investigated over colloidal
TiO,-supported MnO,—CeO, (TO-MCO) nanospheres. Higher RCD adsorption and catalysis greatly depends on the increased
temperatures and relative humidity but can be actually restricted in real-world indoors with low react temperatures and
temporal or regional variations in ambient moistures. Herein, a room-temperature catalytic degradation (RCD) catalyst via
subjecting MnO,—CeO, surfaces to a loading treatment of hydrophilic colloidal TiO, particles, namely TiO,-supported MnO,—
Ce0, (TO-MCO), was synthesized to overcome the limits in low-temperature and moisture-dependent catalysis of the
reported transition-metal catalysts for formaldehyde removal. The reactivity mechanisms and biocompatibility were
unraveled in view of the active-site chemisorption, activation of oxygen-containing radicals, reaction pathways, and
cytotoxicity of catalyst-exposed to yeast cells. A molecular-level understanding of the oxidation selectivity, intermediate
generations and conversions of major formic acid, the isomerized dioxirane, and faint HOCH,0OOH into CO, and water vapor
as final products, was determined via in situ high-resolution photoionization mass spectrometry. The formation and
consumption of the refractory dioxirane and HOCH,0O0H were correlated with moistures and perhaps affected
effectiveness of the thorough HCHO decomposition. This work provides opportunities to explore a promising and

environmental-friendly RCD catalyst for application in the remediation of indoor air pollution.
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Unraveling the mechanisms of room-temperature catalytic
degradation of indoor formaldehyde and the
biocompatibility on colloidal TiOz-supported MnOx-CeO2'

Haiwei Li,® Tingting Huang,b Yanfeng Lu,b Long Cui,? Zhenyu Wang,bc Chaofeng Zhangb, Shuncheng
Lee,”” Yu Huang,” Junji Cao,™ and Wingkei Ho®

This work overcomes the limits in room-temperature and moisture-dependent activity by transition-metal oxide-based
catalysts for sub-ppm formaldehyde removal. The active-site exposure and self-assembly hydrophilicity were highlighted in
MnO,—Ce0, (MCO) nanospheres after loading of colloidal 2.1 wt. % TiO, particles (TO-MCO). Approximately 57 % (relative
humidity = 72 %) and 41 % (dry air) of recycling catalytic activity at 35 °C were achieved. Our results proved that surface
electron transfer, which was previously weakened because of the loss of surface oxygen species and unsuitable defect-site
depositions of low active ions, in MCO catalyst was recovered by the dispersion of hydrophilic Ti-O groups. This electron
transfer was also strongly correlated with the specific surface area, porosity, and oxidation states of transition-metals. The
greater active-site exposure derived from the cyclic electron transfer eventually enhanced the HCHO chemisorption and
participation of oxygen species on the surface of TO-MCO throughout the bimetallic (Mn—Ce) dismutation reactions.
Abundant superoxide radicals that were activated from these oxygen species prompted a nucleophilic attack on carbonyl
bonds. Direct photoionization mass spectrometry determined the formic acid, minor dioxirane, and faint HOCH,O0H as
intermediates of the HCHO selectivity to CO,. The cytotoxicity of catalyst-exposed to yeast cells was evaluated for the

potential environment-friendly application in indoors.

1. Introduction

Long-term exposure to indoor formaldehyde (HCHO) can cause

severe irritation of the eye, skin, and upper respiratory tract, and

13

even pose cancer risks to humans. Among volatile organic

compounds, HCHO has the simplest molecular structure but is
extremely prone to desorb or escape into indoor environments at
increased temperatures. Conventional processes like physical
adsorption and photocatalysis inevitably incur secondary poIIution.4’
® For instance, on the catalyst surface, the desorption of adsorbed
HCHO induced by thermal disturbance from light irradiation during
the photocatalytic process can reduce the removal efficiencies and
ultimately restrict its practical application 67

Room-temperature catalytic degradation (RCD) is currently

regarded as a promising strategy to remove ppm-level HCHO 710,

“Department of Civil and Environmental Engineering, The Hong Kong Polytechnic
University, Hung Hom, Hong Kong

bKey Lab of Aerosol Chemistry & Physics, Institute of Earth Environment, Chinese
Academy of Sciences, Xi'an 710061, China

‘School of Human Settlements and Civil Engineering, Xi‘an Jiaotong University, Xi'‘an
710049, China

dDepartment of Science and Environmental Studies, The Education University of Hong
Kong, Hong Kong

TElectronic Supplementary
DOI: 10.1039/x0xx00000x

Information (ESI) available. See

This journal is © The Royal Society of Chemistry 20xx

The wide application of supported noble metallic catalysts
(containing Au, Ag, Pt, and Pd) is restricted by their high cost and
demanding control of sizes and shapes o1, 12, although the reported
activity approximated above 90% at 25-110 °C BY n contrast,
fabricating non-noble metallic nanocomposites of representative
transition-metal catalysts with conductive capacitor materials (e.g.
Mn—Ce **2°, Mn—Co **?#, Mn-Fe ****, Mn—-Ce-2Zr ** %, Mn—Ce-Al 7"
28) is of great importance in the enhancement of bimetallic
dismutation reactions, ranging 70-95 % at 70-210 °C. By far, it is of
great necessity and interest to develop a kind of more efficient
catalyst for indoor sub-ppm HCHO removal at (near) room
temperature.

Owing to its high thermal resistance and structural flexibility,
manganese oxide (MnO,), often modified by other catalysts or
elements, is extensively used as a sorbent and substrate in hybrid
fabrication ¥ 2%, An ensuing redox loop of the oxidation states of
manganese ions functionalizes MnO, with reversible electron
transfer and rapid cation diffusion 3132 surface active-site exposure
of pristine MnO, can be enhanced by this electron transfer under
the higher charge—discharge rates when its reduced-valence ions
durably capture free electrons from electrode materials with high
conductivity (e.g. CeO, 335 Co;0, % and Fe;0, 37) at low
temperatures. Among them, MnO,—CeO, has been frequently
reported to exhibit the comparatively high redox activities 1838 Ag
similar with most of catalysts, however, the activity of MnO,—CeO, is

J. Name., 2013, 00,1-3 | 1
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greatly affected with a sharp drop of react temperature to the
ambient. In addition, oxygen-vacancy sites are formed via the entry
of manganese ions into ceria and the surface adsorption active-sites
are reduced because of the loss in oxygen species. Low-frequency
recycling adsorption and catalysis are further deteriorated by the
unsuitable depositions of low active ions and/or other redundant
ions on the oxygen-vacancy sites of MnO,—CeO,. 31,39

Furthermore, moisture is helpful in HCHO adsorption and
transfer of oxygen species on the transition-metal catalysts for
activation of reactive radicals. In fact, practical activities lag behind
laboratory estimates due to temporal or regional variations in the
atmospheric moisture & 21 Therefore, colloidal TiO, that has
particularly flexible structure in thin-loading synthesis is introduced
to gain the self-hydrophilic property 0.4 and oxygen-defect
remediation of MnO,—CeO, ¥ In literature, potential effects of
active-site chemisorption and activation of reactive oxygen species,
which are induced by the cyclic surface electron transfer, are
8 2L 31 Associated with the
HCHO selection to CO,, an in-depth insight into types and lifespans
of possible trace-level formate intermediates and by-products can

underestimated in RCD mechanisms

be continuously investigated by the high resolution photoionization
mass spectra under the ambient pressure and temperature 42 43,
leading to verify the practical implications in the perspective of
stability, deactivation mechanisms, and surficial aging accumulated
compounds.

Here, targeting for better performance on RCD activity of sub-
ppm HCHO removal, TiO,-supported MnO,—CeO, (TO-MCO) was
obtained via a consecutive hydrothermal and colloidal reflux-
condensation method and was systematically characterized. TO-
MCO exhibited distinct crystalline structure and morphology with
those of pristine MnO,—CeO,. The generated hydrophilic —OH/TiO,
interfacial structure *° enhanced HCHO preadsorption under low-
moisture conditions as well as surface cyclic electron transfer via the
remediation of the oxygen defects on Mn0O,—CeO, surfaces. The role
of the in chemisorption and
superoxide radical activation induced by the electron transfer was

interactions of each element

identified. Investigations on the recycling activity for ppb-level
HCHO removal were then carried out at room temperature. Aside
from in situ C 1s XPS and in situ DRIFT studies, molecular-level
conversion pathways during the catalytic process were probed by
direct photoionization mass spectrometry. Overall reactivity
pathways and mechanisms were proposed accordingly. The results
of toxicity assessment authenticated benign biocompatibility of TO—
MCO.

2. Experimental Section
2.1 Catalyst synthesis

The preparation of colloidal TiO,-supported MnO,—CeO, catalyst
followed a consecutive hydrothermal and colloidal reflux-
condensation route. (i) Mn(NOs3), (50 vol. % 0.008 M) and
Ce(NO3);:6H,0 (0.008 M) were dissolved in 20 mL of deionized
water (18 MQ) stoichiometrically added with (NH,),S,05 (0.016 M)

2| J. Name., 2012, 00, 1-3
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to form a soluble solution. The resulting solution was stirred for 2 h,
transferred into a 50 mL Teflon-lined stainless steel, and autoclaved
at 190 °C for 12 h. (ii) The hydrothermal product, MnO,—CeO,
(MCO), was washed and centrifuged with ultrapure water from
three to five times before drying at 70 °C and calcinating for 6 h at
350 °C. (iii) The final product, TO-MCO, was harvested by gradually
mixing MCO with 0.12 M TiO, collosol (Fig. S1) by reflux condensing
in a thermostatic water bath at 60 °C with stirring for over 4 h.

2.2. Characterizations

To determine the crystal properties, powder X-ray diffraction (XRD)
was performed with a Philips X’pert Pro Super diffractometer using
Cu Ka (A = 0.15406 nm) radiation at a scan rate of 0.017° in the 26
range of 10°-80°. The micromorphology of the samples was
illustrated by a SUPRA 55 field-emission scanning electron
JEOL JEM-2010
microscope. The Brunauer—Emmett—Teller (BET) surface area was
measured by N, adsorption/desorption isotherms at —196.15 °C on

microscope and a transmission electron

a Micrometrics Gemini VIl 2390 instrument. Thermogravimetric (TG)
studies were conducted on a Setaram Setsys 16/18 thermoanalyzer
at a heating rate of 10 K-min™ in N, atmosphere. X-ray
photoemission spectroscopy (XPS) for chemical compositions was
recorded on a Thermo ESCALAB 250 system, wherein all the binding
energies were calibrated to the C 1s peak at 284.8 eV of the surface
adventitious carbon.

Temperature-programmed reduction (H,-TPR) and
temperature-programmed desorption (TPD) were performed using
a thermal conductivity detector. The experiments were performed
in a quartz reactor. Approximately 50 mg of as-prepared samples
was pretreated first with 30 mLmin™" of pure N, at 300 °C for 100
min and then adsorbed with 500 ppb NH; for 30 min after cooling
down to room temperature. Physically adsorbed NH; was purged
out with 30 mL:min™" of pure helium (He) gas for 60 min at 150 °C.
H,-TPR was then heated to 800 °C with 10 °C:min” rate using a
mixture of 10% H, in argon (Ar) gas after purging pretreatment at
300 °C with 10% H,/Ar for 60 min. NH3-TPD experiments were finally
performed at 650 °C and heating rate of 10 °Cmintin a pure He
atmosphere. In situ electron spin resonance (ESR) signals were
recorded on a Bruker ER200-SRC spectrometer at —143.15 °C. In situ
XPS measurements calibrated via 284.5 eV of adventitious carbon
(Ca) and 288.5 eV of formate species and/or HCHO (C;) were
investigated using a Escalab 220 XL
spectrometer with Al Ka X-rays (hv = 1486.6 eV) irradiation. After
HCHO-saturated samples were pretreated under Ar feed gas at an
increasing rate of 2 °C-min’ to the as-required test temperature,

Vacuum Generators

the samples were cooled to 25 °C under Ar and then analyzed in a
catalytic cell of the XPS analyzer. In situ diffuse reflectance infrared
Fourier transform (in situ DRIFT) spectrometry was recorded on a
Fourier transform infrared spectrometer (VERTEX 70, Bruker) with
an in situ cell reactor. The spectra were recorded with a resolution
of 4 cm™ (32 scans). After purging all the samples with He gas at
300 °C until the calibration of the background spectrum was
completed, 50 ppm of initial HCHO concentration was then injected
into the cell at a flow rate of 30 mL-min~" via mass flow controllers.

This journal is © The Royal Society of Chemistry 20xx
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Pressured oxygen was used as the balance gas.
2.3. Catalytic activity measurement

HCHO catalytic oxidation was performed in a thermostatic fixed-bed
reaction system, consisting of three main sections, namely, mass
flow controller, thermostatic fixed-bed reactor, and real-time
analytical system. Gaseous HCHO was diluted by the carrier gas (21
vol. % O, balanced by N,, pristine RH = 0.7 %) and the relative
humidity (RH =50 %, 72 %, and 90 %) was adjusted by changing the
ratio of humid air in the carrier gas. Up to 100 mL-min™ of the
flowrate and 500 ppb of inlet HCHO were stoichiometrically
determined by the mass flow controller (Brooks 5860E) and the
corresponding GHSV was 12,000 h™. Approximately 150 mg test
catalysts sieved between 40 and 60 mesh were loaded on silica wool
in a stainless-steel thermocouple tube (8 mm diameter) of the
thermostatic fixed-bed reactor. The operating temperature was
automatically controlled with T-measuring thermocouples inside of
the stainless-steel tube. The outlet concentration of HCHO from the
reactor was monitored by a photoacoustic gas monitor (Innova
1412i, Denmark) with detection limit of 0.04 ppm. The C; and C, are
the concentration of HCHO at an initial and any given time,
respectively. Since a challenge in measurements of sub-ppm HCHO
conversion CO,, the final CO, was sampled and accumulated into a
25 L Teflon airbag in a cumulative run of 30 min or above, and then
can be detected by the photoacoustic monitor (UA0983 optical filter
with CO, detection limit of 5 ppm), namely the cumulative HCHO
conversion to CO,. Recycling catalytic activity was carried out in 5
batch modes of 36-minute measurements, each of which continued
when the HCHO concentration was back to its initial level.

3. Results and Discussion

3.1. Optimal crystal structures and morphology

The crystalline phases were compared with the precursors of TO—
MCO sample through XRD (Fig. 1a). Compared with pristine MnO,
(JCPDS No. 24-735) and CeO, (JCPDS No. 89-8436), no characteristic
peak related to pure ceria was observed and the 26 for the (111)
diffraction peak remarkably shifted to low angles for MnO,—CeO,.
This shift was mainly due to the formation of as-anticipated MnO,—
CeO, catalyst, in which some ce* ions (0.094 nm) of CeO, interlayer
were replaced by manganese ions Mn™ (Mn*" 0.054 nm and Mn**
0.066 nm). Although some faint XRD characteristic peaks of
spherical MnO,—CeO, for TO-MCO were distorted by asymmetric
dispersions of TiO, particles on the surfaces of MCO, the (111)
orientation was identified (d111 = 0.489 nm) for MnO,—CeO, and
also observed at the interface between TiO, and MCO for TO-MCO.
The negative shift of the diffraction pattern was estimated to the
sharp and intense peak (111) (26 = 25.35°), which was slightly
broadened by the TiO, (101) diffraction peak (Fig. S1). The other
diffraction peaks were indexed to the anatase phase of TiO, [e.g.
(103) at 37.00° and (211) at 55.15°] . Therefore, the well-desired
dispersion of colloidal TiO, on the surface of MCO was successfully
obtained, implying that TO-MCO was of nanoparticle size and high
purity. The chemical compositions of the as-prepared TO-MCO

This journal is © The Royal Society of Chemistry 20xx

were examined by a comparative study of laboratorial HCHO
conversion (Fig. S2) and turnover number (TON) with respect to
catalytic contents (Table S1). The optimal Mn/(Mn+Ce) molar ratio
was 0.38:1, and approximately 2.1 wt. % loading of colloidal TiO,
was finalized.
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Fig. 1 XRD patterns of MnO,, CeO,, MCO, and TO-MCO catalyst (a); thermogravimetry
differential scanning calorimetry profiles of the as-prepared catalysts (b); H,-TPR
profiles of the as-prepared catalysts (c).

Both MCO and TO-MCO presented strong thermal stability and
showed three various stages of weight loss, as indicated by the TG
analysis results (Fig. 1b). In the first stage, surface-adsorbed water
was lost before the temperature reached 250 °C. The second stage
started at 300-450 °C, during which the amount of lattice oxygen
started to decline, and Mn*" was reduced to Mn**. The third stage
started at 550-650 °C, wherein the amount of lattice oxygen
continued to decrease. The presumptions of the multistage
generation of lattice oxygen remained consistent with a previous
study 2 Notably, the comparatively higher loss was ascribed to the
decrease of lattice oxygen for TO-MCO more than MCO under the
third stage, reflecting that oxygen vacancies of MCO surfaces were
remediated after the loading of TiO,.

The redox potentials of the as-prepared catalysts were
investigated by H,-TPR measurements. Compared with bare MnO,,
a shift to lower temperatures increase of intensity of the reduction
peaks were ascribed by the Ce reduction along with reduction of
manganese ions for Ce-contained MnO,—CeO, % The profiles of the

J. Name., 2013, 00, 1-3 | 3
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1

2 TO-MCO sample (Fig. 1c) revealed three reduction peaks at a broad 0.489 nm). The TO-MCO sample displayed a distinct lattice plane
3 temperature ranging from 150 °C to 450 °C. The existence of mixed- (101) of TiO,, with a lattice spacing approximated at 0.351 nm. The
4 valence MnO,-Mn,0; and Mn**—0-Ce"" as active center in the (111) lattice plane was observed at the interface between MCO and
> catalysts can improve the redox properties of manganese oxides TiO,. The transformed crystalline facets that were first detected
6 and corresponds with the XPS investigations (Fig. S3), while colloidal  considerably influenced the TO-MCO catalyst.
7 TiO, barely attended in the dismutation reactions due to its loaded-  3.2. RCD Activity and stability

2 Ir:\?ass c;)ntrol (Table jl) a.n: distinct cgs;alline struc(tjure (also see in The increased moistures contributed to the higher HCHO
10 18- '2 ): Compa:e' V:t M(I:O W Ic Eres:nted arT apparent consumption rate and CO, production in Fig. 3a and 3b. Unlike the
1 maIX|mum at 308 °C mtf € overlapping pea S'_:J Zre u;tlon Eroces; reported transition-metal activity proportionately with rise of
12 at I:'\IA'/er t;emperature ?r TS:SMCC; was asc.rl € ftOOL € en. ansce temperature *>* and due to extremely volatile sub-ppm HCHO, the
aj 3 mobl I;ylgz ?éyiin spjues. f;’; 3+g.ener:;|a:1 0 _b sp.euej at opposite effects on the rate show that it reduced dramatically from
%4 Troun - 1he ;e Uf:t|on 0 ) nd |nto. n cande a'55|gn: atﬁ 45 °C after reaching its maximum at 35 °C in a humid air for TO-
55 .ow-temzrielr:turezte .uct|on pea an. contm.uous re. uction c_) Mn. MCO, also supported in in situ C 1s XPS results (Fig. 5b).
= into Mn - Mn™ did not appear in the dismutation reactions (in Interestingly, the rate of TO-MCO per unit of surface areas ranged
g6 Fig. S3b). Hence, the increased contribution of high-temperature

.21
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peak to the total reduction profile can be ascribed to the
manganese ions that are in high oxidation states (Mn“) in each run
of catalyst recycling. A downward shift of high-temperature
reduction peak “ indicates that the reducibility of the as-prepared
samples followed the trend TO-MCO > MCO>MnO, (MO).
% : ) B ©

B
o
i

S0 nn.

1
Fig. 2 High-magnification TEM images of MCO (a) and TO-MCO (b); HRTEM images of

2 40
TO-MCO (c); elemental distribution maps for oxygen, cerium, manganese, and titanium

3 of TO-MCO (d-g). p

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) morphologies were observed in Fig. S4 and Fig. 2,

1.41-1.75x10™* umol-gfl-mf2 (RH = 0.7-90 %) at 35 °C, which were
higher than the reported transition metal oxide-based catalysts at
low temperature.

()

~—RH =90 %
RH = 50 %

RH =72 %
RH = 0.7 % (dry)

1.0

0.8 -

HCHO consumption rate (<10 pmol/g-m’)

20 30 40 50 60 70 80 2

Temperature ('C)

() 5"

50 4

Cumulative HCHO conversion to (‘02 (%)

50 100 150

37 respectively. Compared with micrographs of the as-prepared Run time (mim)

38 pristine MnO, and CeO,, the fabrication of the doped Mn"" into 10017 - - . -
Ce0, considerably modified the surface shape and pore size of MCO, R

39 i ) i (C) 80

40 which were composed of highly ordered nanospheres with wlt L |

a1 dlar:ete'rs ranglng fr'om 6(? nm to 80 nm. The doping tre.atment. of 2 ] LN M. 1L g % oo

) Mn™ with small ionic radius enabled the surface of cubic fluorite- < 100 T T T T

43 type CeO, to obtain an increased porous (111) crystalline property. © i gia |

44 For TO-MCO, around 5 nm colloidal TiO, was deposited on the wl SN S
surface of MCO and showed less effect on the porosity and sphere- wl] R Run 2 Run 3 Run 4 Runs

25 like structure of MCO. As expected, the loading treatment enlarged 0 20 40 60 80 100 120 140 160 180

6 the specific surface area of MCO because its pore size was squeezed Time (uin)
Z; and the BET performance of collosol composites was excellent Fig. 3 HCHO consumption ratle as a function of reaction temperature over TO-MCO (RH
. . . . =0.7-90 %, GHSV =12,000 h™) (a); cumulative HCHO conversion to CO, by TO-MCO (b);

49 (Table 52). This formation agrees with the presumption that a recycling catalytic activity by TO-MCO within 3 h (GHSV =12,000 h™, 35 °C) (c).
spherical core is easier to coat with shell-like materials than ) ) )

50 cuboctahedral or octahedral core shapes. However, the spherical In Fig. 3b, the cumulative HCHO conversion to CO, over TO-

51 ) . . L. N MCO remained 52.4+1.6 % after 120 min in a humid air (RH = 72 %),
core is often distorted by asymmetric variations in its interface. In

52 ) ) while it decreased to 39.840.8 % in a dry air (RH = 0.7 %). By
other words, few mature techniques can accomplish the extremely h ati ) call

53 similar shape between bimetallic core and shell *. The diffraction contrast, the cumulative conversion over MCO dramatically dropped

54 planes of the MCO and TO-MCO were observed by high-resolution from 40.740.3 % at RH =72 % to 20.8+0.5 % at RH = 0.7 % (Fig. S5).

55 TEM (HRTEM) and the (111) orientation was identified (d111 = These results proved that TO-MCO outperformed RCD activity at an

56

57

58 4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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extensive RH range. Fig. 3¢ shows the recycling RCD activity by TO—
MCO (C,/Cy %) in dry and humid airstream at 35 °C within 180 min.
The HCHO concentrations decreased rapidly in the first 5 min of
each run and finally maintained a stable activity in all 5 recycling
runs. TO-MCO leveled off at 57 % with RH of 72 % and 40 % with RH
of 0.7 %, ensuing recycling reaction without an obvious decline in
activity.

3.3. Probing active-site chemisorption Induced by cyclic electron
transfer

The characteristics of the surface electron transfer of the as-
prepared catalysts were detected by the voltammogram spectra
(Fig. 4). A detailed method on the electrochemical characterization
can be found in Text S7. As shown in Fig. 4(a—d), the approximately
rectangular shape of cyclic voltammogram was a fingerprint for
cycling behavior of charge storage and charge-discharge capacitance
* The current density at one certain potential of the as-prepared
samples decreased in the following order: TO-MCO > MCO > CeO, >
MnO,, which correlated to the distinct composition, high porosity,
and large surface specific area. When the scan rate increased, the
voltammogram peak and shape of TO-MCO were distorted at
higher scan rates as a result of the increase in electron transfer.
Compared with its precursors, a more significant shift toward the
anodic and cathodic peak positions was ascribed by the presence of
the low conductivity oxides for TO-MCO 36 47, also supported in the
observation for electrochemical surface areas (Fig. 4e). Possibly due
to the feasibility of crystalline defect in MCO, the electrochemical
surface areas of TO-MCO and MCO were lower than pure CeO,,
which had excellent oxygen storage and capacitance.
(a) (b)
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MnO,, Ce0,, MCO, and TO-MCO; electrochemical surface area (e); long-term current-
potential responses in OER (f) and the responses with increased temperatures for TO—
MCO (inset graph of (f)) at a constant scan rate of 10 mV-S™ over the range 0-600 s.
Owing to the oxygen-defect (O-defect) remediation, TO-MCO
outperformed the capability of active-site enrichment induced by
surface electron transfer, which was confirmed by the higher
current density with an overpotential close to 1 V for oxygen
evolution reaction (OER, Fig. 4f) 2 As expected, the current-
potential responses increased

temperatures (35-195 °C), as shown in the inset graph of Fig. 4f. A

were largely promoted at
suitable adsorption and catalytic activity were actually obtained at
decreased temperatures, as shown in Fig. 3 and 5, respectively. The
activity was indicated by the extremely high overpotential even
though the highest current density was not reached at this
temperature. In coordination with the XPS measurements (Fig. S3)
and adsorption sites of MnO,-CeO, by density functional theory
calculations (Fig. S6, Fig. S7, and Table S3), a large number of free
electrons were produced from the cyclic valence transitions of ce*'-
Mn®" & ce*-Mn*. Changes in the oxidized state ratios of
Mn‘”/Mn and Ce3+/Ce enhanced the participation of oxygen species
on the TO-MCO surface throughout the bimetallic dismutation
reactions. The perfect MnO,—Ce0,(111) surfaces (Eads = —2.38 eV)
that were remediated by Ti-O depositions on O-defect sites of
MnO,—Ce0,(111) could facilitate to release a better adsorption
performance than O-defect surfaces (Eads = —1.58 eV), which also
needs to be reexamined and confirmed in future work.

(a) (b)

——T0-MCO|
MCo
—MO

Intensity (a.u.)
Intensity (a.u.)

100 200 300 400 500 600 300 295 29 285 280 28
Binding energy (¢V)

Temperature (C)

Fig. 5 NH3—TPD profiles of the as-prepared catalysts (a) and in situ C 1s XP spectra of the
HCHO-exposed TO-MCO under heating Ar (b).

Room temperatures counteract the potential of

physisorption. Physisorption as an initial preadsorption step that

can

tends to transfer of gaseous pollutants from the gas phase to
another phase is still unsatisfactory. Chemisorption starts with
physisorption and the strong interaction between the adsorbate
and the sorbent surface creates new types of electronic bonds—ionic
or covalent. A strong chemical adsorption was ascribed to active-
rather than room

site exposure 48, and high temperatures

temperature enhance catalytic most differential

. . 7,26,34
calorimeter reaction catalysts

activity in
. However, the highly enhanced
adsorption and activity of ppb-level HCHO can be successfully
achieved at decreased temperature. The acid-base properties are
particularly valued for providing an explicit evidence of adsorption
strength, number, and distribution of surface active sites “ In the
NH;5-TPD results (Fig. 5a), two NH; desorption peaks were detected.
One was in the range of 180-235 °C (weak acid site) and the other

J. Name., 2013, 00, 1-3 | 5
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at 390-425 °C (strong acid site). CO, desorption occurred in a range
of 50-250 °C, and OH species started to desorb above 100 °C until
they reached their maximum desorption capacity at approximately
200 °C. At 580 °C, nearly all the adsorbed NH; completely desorbed
or decomposed, and oxygen species already desorbed from the
surface at 496 °C **°%* The amount of strong acid sites followed in
descending order: MCO > TO-MCO > MnO,. However, NH; was
more intensively adsorbed on the TO-MCO surface than on MCO at
weak acid sites. Lewis acid sites involving superior selective
adsorption of electrolyte cations were presented for polar HCHO
molecule, ascribed by the cyclic electron transfer in Fig. 4. Although
the strong acid site of MCO exhibited powerful adsorption or
reaction with NH;, TO-MCO performed the active-site exposure and
surface porosity in an extensively thermal range at the two kinds of
acidic peaks. HCHO adsorption would have gradually deteriorated if
the test temperature increased continuously, implying that the
enlarged specific surface areas of the TO-MCO catalysts cannot
completely recover the adsorption abilities if the active sites are still
incompletely exposed 2,

As shown in Fig. 5b, the C 1s signal evolution for the HCHO-
exposed TO-MCO was detected via in situ C 1s XPS studies at
increased temperatures. Herein, the photopeak at lower BE (284.5
eV) was assigned to adventitious carbon (C,), while the photopeak
at 288.5 eV was attributed to the presence of monodendate
formate species and/or HCHO (C;) species bonded end-on through
the oxygen atom 18 Ranging from 25-55 °C, the comparatively
strong intensity of the C; photopeak appeared at 35 °C throughout
heating. A gradual decrease in the C; intensity with increasing
temperature was observed, although the proportionate increase in
the C, photopeak was more intense than that in the C; at the end of
this temperature range. Gaseous CO and/or CO,, as final products of
HCHO oxidation, are usually produced at 125-175 °C 18,53, However,
the conversion of HCHO and/or monodendate formate species can
be performed well at room temperature, which was confirmed by
the following in situ DRIFT measurements.

3.4. Mechanisms for bond cleavage of HCHO

As presented in Fig. 6, no signal of oxygen radicals were
detected by ESR methods >* for pristine MnO,. However, the four
characteristic peaks of 5,5-dimethyl-1—pyrroline N—oxide (DMPO)-
*0, at an intensity ratio of approximately 1:1:1:1 were entirely
observed after 2 min of irradiation for MCO and TO-MCO. The
colloidal TiO,-supported modification considerably enhanced the
activation of 0, compared with MCO. The spectra results were
double-checked via radical scavenging experiments > (Fig. S8). Since
the activated O, played a substantially greater role in the HCHO
decomposition for TO-MCO, the highest catalytic activity was
eventually achieved at lower temperature.
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Fig. 6 DMPO spin-trapping ESR spectra at room temperature of ethanol solutions after
30 s and 2 min of irradiation.

To directly determine the possible intermediate species for
selective oxidation of HCHO, the high
spectrometry

resolution tunable
(detailed
measurements are shown in Text S10) was performed. Fig. 7a shows
the time-resolved mass spectra over the real-time TO-MCO-
exposed HCHO oxidation. The formation of the m/z = 46 species was
correlated with the intensity of the CH,0 (m/z = 30) signal. The
lifetime signals of CH,00 and CH,0 were comparatively long but
different from that of the CH,00 species (HCHO oxide from
ozonolysis of alkenes) from thermal isomerization or dissociation in

synchrotron  photoionization  mass

atmospheric environment 2 A faint signal was detected at m/z of
64 and estimated to the generation of hydroxymethyl
hydroperoxide (HOCH,00H, HMHP) possibly from the reaction of
CH,00 with water contents, consistent with the literature estimates
2% The by-product behavior of HOCH,0O0H is still unknown and
seldom investigated in previous studies of HCHO removal. Its
production might depend on an increase in water contents. Judging
by the differential ionization energies shown in Fig. 7b, the formic
acid (10.82 eV) and dioxirane (11.33 eV) that have the identical
value of m/z = 46 were recognized (at 298 K and 4 torr) for the
assignment of distinct products and matched well with this
observation in literature **>®. The intensities in the photoion signals
of formic acid and dioxirane varied in different moistures. Clearly,
low relative humidity prohibited the adsorption and decomposition
of HCHO. The weak dioxirane signal presented a slight change in
decay, and one of the —COO single bond species obtained was first
detected and established by a comparison with literature estimates
238 |n other words, the refractory dioxirane as one of formate
intermediates can exist stably throughout the catalytic oxidation.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Time-resolved photoionization mass spectra acquired during exposure of TO-
MCO catalysts with CH,0 (a) and photoionization spectra of the m/z = 46 products of
HCHO decomposition (b). The formation of CH,00 species were observed at m/z = 46
and HCHO (m/z = 30) appeared as background.

The HCHO
decomposition was recorded via in situ DRIFT spectra (Fig. 8). All
transient reaction results represented the main formed species that

formation of intermediate species for

were ascribed to formate species, carbonate, CO,, and water vapor.
The location and shape of absorption peaks were identical for TO—
MCO and MCO (Fig. 8a and Fig. S9). But compared with MCO
exposure to a dry airstream of HCHO/21 % O,/N, balance from
25 °C to 85 °C, the absorbance intensity of CO, peak (2380 cm'l)
and surface hydroxyl species (a remarkable negative peak of 3580
em™ for U; [OH]) increased significantly for TO-MCO. Compared
with MCO, TO-MCO at increased temperatures can speed up more
conversions of HCHO (1787 cmfl) 72t carbonate and CO,,
catering for the general property of calorimeter reaction for
transition metal oxide-based catalysts. New typical bands indicated
the gradual generation of formate species (quite weak 2840 cm™ for
U [CH], 1466 cm ™" for & [CH,], 1562 cm ™ for us [COO], and 1345
and 1314 cm™ for U,s [COO0]) 10.57.%8 The decomposition of —COO
and —CH, species resulted from the nucleophilic attack of the
reactive oxygen atom. The intensities of —-CH, and —OH was stronger
than that of the —CH match, as indicated by the results of the
photoionization mass measurements (Fig. 7). As anticipated, the
catalytic performances strongly rely on the effectiveness of rapid
decomposition  of Otherwise, the greater
accumulations of -HCOO groups on catalysts, such as the refractory

intermediates.

dioxirane which is much more resistant in decomposition than
HCHO, would adversely affect the thorough conversion 7,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 In situ DRIFT spectra of bond cleavage by TO-MCO with increase of react
temperature from 25 °C to 85 °C (a); in situ DRIFT spectra of bond cleavage by TO-MCO
under wet (b) and dry condition (c).

When the temperature reverted to 35 °C for TO-MCO, in situ
DRIFT spectra in humid air and dry air (Fig. 8b and Fig. 8c)
demonstrate that HCHO conversion to formate intermediates can be
accelerated in moisture, also confirmed by the photoionization
mass spectra in Fig. 7. However, the further conversion of carbonate
(1680 cmfl) to CO, was weakened with exposure time in dry air,
which was possibly ascribed by an interruption of hydrocarbonate
pathway 18 By contrast in dry air, the absorbance peak of CO,
collected on TO-MCO catalyst reached a higher intensity than that
on MCO catalyst at 35 °C (Fig. S9) and was better than the reported
transition metal oxide-based catalysts.

Mn(IV) + Ce(IIl) +C* (if Mn{ID/Cc* + ce(v)/ct+ (B
05 + 0~
Mn(IID/C* + Ce(IV)/C* + e~ » Mn(IV) + Ce(lIl) + (2)

e

0; + 0"+ H,0 + e~ »0; +2—0H, (major) (3)
«0; +HY+ e~ >« 0H + 0, (minor) (4)
HCHO + C* _Oil/“ HCHO/C* + H,0 (5)
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HCHO/C* + Mn(IV) + 05 » Mn(lIl) + HCOO™ +

Dioxirane (minr)
—CHyymup (faint) + Hy0

(6)

HCOO~ + —CH, + Mn(IV) + «0; — several steps —
€O, + Hy0

7

Apart from the effect of ambient moistures, the reactivity
of HCHO degradation by TO-MCO at
temperature are proposed as Equations (1-7). In the initial stage,
HCHO pre-adsorption was contributed by two dominants. One is the
enlarged specific surface area, and the other is chemisorption by

mechanisms room

cation (represented by ‘C"”) precipitation on Lewis active sites of the
TO-MCO surface. The adsorption and catalytic activity of HCHO
were possibly strengthened by interfacial —OH/Ti groups and
enhanced by the increased oxidation state of transition-metals. The
majority of formate species (i.e., -COO and —CH,) were mainly
decomposed by strong O, the
chemisorbed oxygen species (0, and O, complex migration
species) & when capturing the bulk of free electrons (e’) in the

activation from surface

bimetallic dismutation reactions. By ensuing nucleophilic attack of
*0, at—COO double bonds other than ¢OH, which can be restricted

+ 8, 44 .
, the residual formate

by the consumption of —OH with H
species can be further decomposed to produce CO, and water vapor
as final products.

3.5. Cytotoxity assessment

Before nanoparticles (NPs) release and practical application of the
as-prepared catalysts in indoor air purification, their potential
adverse effects on the ambient environment and human health
must be addressed. Since the cellular structure and organism
function of yeast have many similarities with cells in plants and

. 59, 60
animals

, the possible cytotoxity of the as-synthesized catalysts
was evaluated via the colony-forming units (CFUs) of living cells in
the fluorescence cellular scanning microscopy (FCSM with a 488 nm
laser for excitation, Olympus laser-based point scanning FV-1000D
confocal fluorescent microscope). A methyl thiazolyl tetrazolium
(MTT, 0.5 mg-mLfl) assay toward the yeast cells was performed with
the colony count method. In the cell viability displayed in Fig. 9, the
yeast cells were exposed to NPs which dispersed with different
concentrations of 0.5, 5, 10, 25, 50, and 100 |.1g-mL_1 in 5 mM
aqueous NaCl solutions. Fig. 9a compared the numbers of CFUs on
the yeast-NPs plate with the number of CFUs on the control plate
which did not include NPs. The cell viability weakened with the
increase in NPs concentration. MCO stimulated the more enhanced
proliferation than TO-MCO at above 10 p.g'mLf1 of NPs
concentration but they kept a high value of the yeast cells, over
around 80 %.

8 | J. Name., 2012, 00, 1-3
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Fig. 9 Viability of yeast cells after incubation of 24-h exposed to different
concentrations of the as-synthesized NPs in 5 mM aqueous NaCl solutions (a);
Fluorescence cellular scanning images of yeast exposed to 10 ug-mL_1 TO-MCO NPs:
numbers of CFUs and interference contrast image (i) after 8-h exposure (b), numbers of
CFUs and interference contrast image (ii) after 16-h exposure (c), numbers of CFUs and
interference contrast image (iii) after 24-h exposure (d).

Considering an exclusion of normal death during the process of
cell metabolism, Fig. 9b—d display the time-lapse FCSM images of
the yeast cells which were incubated 24-h with 10 p.g-mLf1 of TO-
MCO NPs. The FCSM images of the yeast-NPs visualized a brightly
green field and the cells did not appear a significant death
throughout exposure to NPs. The bright confocal fluorescent signals
were illuminated from the cell membrane and cytoplasmic area,
indicating that the cell membrane was not disrupted and the TO-
MCO NPs did not enter into the inner cell nuclei. These observations
reveal the benign biocompatibility and low lethal to living organism.

4. Conclusion

The RCD activities of sub-ppm HCHO were first investigated and
attributed by the surface active-site exposure and activation of ¢0,"
for TO-MCO. The enhanced cyclic electron transfer and hydrophilic
self-assembly on TO-MCO particularly compensated the HCHO
chemisorption and oxidation in low atmospheric moistures to better
than the reported catalysts. The selective oxidation of HCHO follows
the pathways from major formic acid, the isomerized dioxirane, and
faint HOCH,0OO0H into CO, and water vapor as final products. While
the intensities of these intermediates are strongly associated with
water content, the formation and consumption of the refractory
dioxirane and HOCH,OOH are still unclear, which perhaps affect the
effectiveness of the thorough HCHO conversion. The benign
biocompatibility and low cytotoxity of TO-MCO indicate that it has
the promising application in environment cleanup.
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New insight into room-temperature catalytic degradation of sub-ppm formaldehyde with practical implications over

TiO,-supported MnO,—CeO, nanospheres was investigated.
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