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ABSTRACT: Catalytic oxidation of formaldehyde (HCHO)
to CO, at ambient conditions is of great interest for indoor
HCHO purification. Here, we report that sodium-doped Pd/
TiO, is a highly effective catalyst for the catalytic oxidation of
HCHO at room temperature. It was observed that Na doping
has a dramatic promotion effect on the Pd/TiO, catalyst and
that nearly 100% HCHO conversion could be achieved over
the 2Na—Pd/TiO, catalyst at a GHSV of 95000 h™' and
HCHO inlet concentration of 140 ppm at 25 °C. The
mechanism of the Na-promotion effect was investigated by
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using Brunauer—Emmett—Teller (BET), X-ray diffraction (XRD), CO chemisorption, Temperature-programmed reduction by
H, (H,-TPR), X-ray photoelectron spectroscopy (XPS) and temperature-programmed desorption of O, (O,-TPD) methods.
The results showed that Na species addition can induce and further stabilize a negatively charged and well-dispersed Pd species,
which then facilitates the activation of H,O and chemisorbed oxygen, therefore resulting in the high performance of the 2Na—

Pd/TiO, catalyst for the ambient HCHO destruction.

B INTRODUCTION

The “sick building syndrome” has become a critical issue in
most new houses as a result of increasing concerns about
indoor air pollutants." Formaldehyde (HCHO) emitted from
building/furnishing materials and consumer products is
recognized as a major indoor air pollutant in airtight houses
and is known to cause nasal tumors, irritation of the mucous
membranes of the eyes and respiratory tract, and skin
irritation.”® Therefore, in order to improve indoor air quality
and reduce public health risk, the effective abatement of indoor
air HCHO is urgently needed.

Over the past decades, researchers have focused on four
technologies for the removal of HCHO: adsorption, photo-
catalysis, plasma technology, and catalytic oxidation.*™ The
adsorption is a useful method for indoor air HCHO removal.
Some absorbents can successfully reduce indoor HCHO
concentrations to very low levels;* however, their effectiveness
is limited by adsorption capacities and the secondary pollution
during regeneration. The catalytic oxidation method can
selectively decompose the low concentration toxic HCHO to
harmless CO, over some catalysts at ambient temperature
without the need of energy input.”'® Therefore, the catalytic
oxidation is regarded as the most promising method for indoor
air HCHO removal.”*°

The conventional catalysts for HCHO oxidation include
transition-metal oxides (Ni, Co, Ag, and Mn)"'""” and the
supported noble metal (Pt, Pd, Rh, and Au) catalysts.'®"** The
transition-metal oxides generally need much high temperatures
(>150 °C) to achieve complete oxidation of HCHO. In
contrast, the noble metal catalysts such as Pt-, Pd-, and Au-
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based catalysts have exhibited excellent activity for catalytic
oxidation of HCHO at around 25 °C'®2072326728 ,pq
therefore, are more suitable for indoor air HCHO purification.

Previuosly, we have developed a Pt/TiO, catalyst for HCHO
catalytic oxidation, achieving 100% conversion of 100 ppm of
HCHO to CO, and H,O at a gas hourly space velocity
(GHSV) of 50000 h™! at room tempera.ture.zo_22 Then, we
further demonstrated that the addition of alkali ions (such as
Li*, Na*, and K*) could dramatically promote the catalytic
efficacy of Pt/TiO, catalyst by inducing and stabilizing an
atomically dispersed Pt species.”® We also proposed that this
promotion effect of alkali ions on Pt catalysts may apply to
other noble-metal-based catalysts.”® Instead of Pt-based
catalysts, Pd-based catalysts are much less expensive and will
have more extensive application for indoor air HCHO
purification. Therefore, it is worth exploring whether the Na-
promotion effect for Pt is also manifested for Pd catalysts.

In this paper, we prepared Pd/TiO, catalysts with and
without sodium (Na) addition and tested their catalytic
activities in HCHO oxidation at low temperature. It was
verified that the Na addition also had a dramatic promotion
effect on the Pd-based catalyst. Na—Pd/TiO, (2 wt %) showed
much higher performance in ambient HCHO oxidation than
the Na-free catalyst, achieving 100% conversion of 140 ppm of
HCHO to CO, and H,O at a gas hourly space velocity
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Table 1. Bulk Composition, Specific Surface Area (BET), Average Pore Size (d), and Total Pore Volume (V) of Pd/TiO, and
2Na—Pd/TiO, Catalysts together with TiO,, and Pd Dispersion (D) and Metal Size on Pd/TiO,-R and 2Na—Pd/TiO,-R

catalysts
bulk comp® (wt %)
sample Pd Na BET (m® /g)
Tio, 589
Pd/TiO, 0.99 56.5
Pd/TiO, R 531
2Na—Pd/TiO, 0.95 1.95 46.5
2Na—Pd/TiO, R 569

d, (nm) V (em®/g) D,k (%) metal size® d,, (nm)
28.2 0.43
28.1 0.40
28.7 0.38 9.8 114
31.7 0.37
26.8 0.38 329 34

“Bulk composition was measured by ICP-OES. bDispersion of Pd measured by CO chemisorption. “d,, (A) = 112/D.>°

(GHSV) of 95 000 h™" at 25 °C. Based on the characterization
results, the mechanism of Na-promotion effect on the Pd/TiO,
catalyst was clearly elucidated.

B EXPERIMENTAL SECTION

Materials Preparation. The 1 wt % Pd/TiO,, 2 wt % Na/
TiO,, and 2 wt % Na—1 wt % Pd/TiO, samples were prepared
by co-impregnation of TiO, (Degussa P25, BET surface area 59
m’g~") with aqueous NaNO; and Pd(NO;), (Aldrich) for 1 h.
After impregnation, the excess water was removed in a rotary
evaporator at 60 °C. The samples were dried at 110 °C for 12 h
and then calcined at 400 °C for 2 h. The samples reduced with
H, at 350 °C for 30 min were denoted as 2Na/TiO,-R, Pd/
TiO,-R, and 2Na—Pd/TiO,-R. The actual Pd and Na loading
amounts in Pd/TiO, and 2Na—Pd/TiO, were measured using
inductively coupled plasma optical emission spectrometry
(ICP-OES) (OPTIMA 8300, PerkinElmer), and the data are
presented in Table 1.

Material Characterization. X-ray powder diffraction
(XRD) patterns of the catalyst samples were collected with
an X'Pert PRO MPD X-ray powder diffractometer with Cu Ko
radiation operated at 40 kV and 40 mA. The patterns were
measured over the 26 range from 10° to 90° at a scan step of
0.02°. The specific surface area and pore characterization of the
catalysts was obtained at —196 °C over the whole range of
relative pressures, using a Quantachrome Quadrasorb SI-MP
analyzer. Prior to the N, physisorption, the catalysts were
degassed at 300 °C for 5 h. Specific surface areas were
calculated from the isotherms by applying the BET equation in
the 0.05—0.3 partial pressure range.

CO chemisorption, H, temperature-programmed reduction
(H,-TPR), and O, temperature-programmed desorption (O,-
TPD) were performed in a Micromeritics AutoChem I 2920
apparatus, equipped with a computer-controlled CryoCooler
and a thermal conductivity detector (TCD).

CO chemisorption was measured by a dynamic pulse
method.”® The samples (30 mg, 40—60 mesh) were reduced
at 350 °C for 30 min in 10% H,/Ar (50 mL min™"), followed
by flushing in He (50 mL min™') for 30 min. Then, the
temperature was lowered to room temperature in He flow.
Pulses of 5% CO/He were introduced to the catalyst until
uptake saturation was obtained. The CO consumption was
monitored by TCD. The dispersion of Pd was calculated
assuming a CO/Pd stoichiometric ratio of 1.”7*° The crystallite
sizes of the dispersed metals were estimated from the CO
chemisorption data, using the relation dy (A) = 11.2/D.,*°
where dy; is the mean crystallite diameter and D, is the
dispersion of the metals.
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For H,-TPR, reduction profiles were obtained by passing a
flow of 10% H,/Ar at a rate of S0 mL min~"' (STP) through the
sample (weight around 60 mg). The temperature was increased
from —50 to +450 °C at a rate of 10 °C min™", and the H,
consumption was monitored by TCD after removal of
produced H,O.

For O,-TPD, the samples were first prereduced with 10%
H,/Ar at 350 °C for 30 min, followed by purging with He for
30 min to desorb H,. The temperature was then cooled down
to 25 °C, and then the gas was switched to O, for adsorption
for 30 min. After that, He flowed for 1 h to remove weakly
adsorbed O,. The temperature was increased to 400 °C at a
heating rate of 10 °C min™".

X-ray photoelectron spectra (XPS) were measured by an
AXIS Ultra system, equipped with Al Ka radiation (hv = 1486.6
eV) with an X-ray anode operated at 225 W and 15 kV. The C
1s peak (284.8 eV) was used to calibrate the binding energy
(BE) values. The surface relative composition was estimated
from the integrated intensities corrected by atomic sensitivity
factors.

Activity Test for Formaldehyde Oxidation. The activity
tests for the catalytic oxidation of HCHO over the catalysts (60
mg) were performed in a fixed-bed quartz flow reactor (i.d. = 4
mm) in an incubator where the temperature was kept at 25 °C.
Gaseous HCHO was generated by flowing helium through the
paraformaldehyde container in a water bath kept at 35 °C.
Water vapor was generated by flowing helium through a water
bubbler at 25 °C. The feed gas composition is 140 ppm of
HCHO, 20% O, and 25% RH balanced by helium. The total
flow rate was 100 mL min~', corresponding to a gas hourly
space velocity (GHSV) of 95 000 h™". The inlet and outlet
gases were monitored by FTIR (Nicolet 380) equipped with 2
m gas cell and a DTGS detector; resolution: 0.5 cm™}; OPD
velocity: 0.4747 cm s™". The collect region was 4000—600 cm™"
and the number of scans per spectrum was 16 times. The
representative FTIR spectra for HCHO oxidation reactions
over 2Na—Pd/TiO,-R are shown in Figure S1 (Supporting
Information). HCHO and CO, were measured by the peaks
located at 2897 (C—H vibration) and 2350 cm™' (O—C—-0O
vibration), respectively. Since no other carbon-containing
compounds except for CO, were detected in the effluents for
all tested catalysts, the HCHO and CO, concentrations were
quantified and calculated based on the peak area of CO, at
2350 cm™. Before the measurement, a CO, standard curve was
created using the different CO, concentrations vs the peak
areas at 2350 cm™' and shown in Figure S2 (Supporting
Information). The standard curve showed that the CO,
concentration below 500 ppm is a linear function of the peak

area at 2350 cm ™.
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B RESULTS AND DISCUSSION

Activity Test. Figure 1 shows the HCHO conversion over
Pd/TiO, and 2Na—Pd/TiO, catalysts together with pure TiO,
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Figure 1. HCHO conversion over TiO,, 2Na/TiO,, Pd/TiO,, and
2Na—Pd/TiO, samples before (a) and after (b) reduction at different
temperatures. Reaction conditions: 140 ppm of HCHO, 20% O,, 25%
RH, He balance, GHSV 95 000 h™'.

and 2Na/TiO, before (a) and after (b) pretreatment by H,.
Pure TiO, and 2Na/TiO, had no activity for HCHO oxidation
at low temperatures (25—125 °C) whether or not H, reduction
occurred. 2Na—Pd/TiO, catalyst showed a similar activity to
Na-free catalyst before H, pretreatment, but both of them were
not active for HCHO oxidation at ambient temperatures
(Figure 1a). In contrast, after H, reduction, the activities of
both Pd/TiO, and Na—Pd/TiO, catalysts were greatly
enhanced in the low temperature range (Figure 1b), indicating
that metallic Pd species are active sites for the low temperature
oxidation of HCHO. Remarkably, Na addition demonstrated a
dramatic promotion effect on the reduced Pd/TiO,. The Pd/
TiO,-R catalyst only presented about 55% HCHO conversion,
while the 2Na—Pd/TiO,-R catalyst achieved almost 100%
conversion of 140 ppm of HCHO at a GHSV of 95 000 h™" at
25 °C. The catalytic performance of the 2Na—Pd/TiO,-R
catalyst was also checked by long isothermal tests at 25 °C. As
shown in Figure 2, the sample exhibited excellent stability and
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efficiency with the same reaction conditions, and approximately
100% HCHO conversion was maintained over a 30 h long test.
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Figure 2. Stability test of 2Na—Pd/TiO,-R. Reaction conditions: 25

°C, 140 ppm of HCHO, 20% O,, 25% RH, He balance, GHSV 95000

hl

Structural Features of Catalysts. XRD patterns of Pd/
TiO, and 2Na—Pd/TiO, catalysts before and after H,
pretreatment together with TiO, are shown in Figure 3. No

¢ NaNO,
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Figure 3. XRD patterns of Pd/TiO,, 2Na—Pd/TiO,, Pd/TiO,-R, and
2Na—Pd/TiO,-R together with TiO, samples.

Pd species (Pd°, PdO) were observed in any samples, indicating
that Pd species are highly dispersed on the TiO, support. On
the 2Na—Pd/TiO, catalyst, a residual diffraction peak from
undecomposed NaNO; (PDF No. 00-001-0840) was observed
at 20 = 29.4°, and it disappeared after H, treatment at 350 °C,
implying that the residual NaNO; was reduced.*!

The specific surface area (Spgr), average pore size (d), and
total pore volume (V) of Pd/TiO, and 2Na—Pd/TiO, catalysts
before and after H, pretreatment were next measured, the
results are listed in Table 1, and the plots of pore size
distribution are shown in Figure S3 (Supporting Information).
The Pd/TiO, catalyst showed a similar Sggr, V, and average
pore size (d) to bare TiO, whether or not H, reduction had
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taken place. The Na addition to Pd/TiO, catalyst decreased the
Sger and V but increased the average pore size (d), probably
due to the deposition of NaNO; inside the small pores of TiO,.
During the H, reduction at 350 °C, some Na species possibly
migrated out of the small pores, increasing the Szpr and V and
decreasing the average pore size (d) of the 2Na—Pd/TiO,-R
sample.

Pd Dispersion and Sizes on Catalysts. Pd dispersion was
determined by CO chemisorption, and Pd particle sizes were
calculated based on Pd dispersion degree. The results of Pd
dispersion and particle size are shown in Table 1. Without Na
addition, the Pd dispersion was only 9.8% and the Pd particle
size was around 114 nm on the Pd/TiO,-R catalyst. Na
addition to Pd/TiO, remarkably increased the Pd dispersion to
32.9%, and the Pd particle size sharply dropped to 3.4 nm.
Clearly, Na addition induces a more dispersed Pd species on
2Na—Pd/TiO,-R catalyst that exposes more Pd sites for
HCHO oxidation, therefore significantly promoting the activity
of the Pd/TiO, catalyst.

Reducibility of Catalysts. H,-TPR was conducted to study
the reducibility of the catalysts, and the TPR profiles of Pd/
TiO,, 2Na—Pd/Ti0,, 2Na/TiO,, and pure TiO, are shown in
Figure 4. Pure TiO, exhibited no H, consumption peak in the
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Figure 4. H,-TPR profiles of TiO,, 2Na/TiO,, Pd/TiO,, and 2Na—
Pd/TiO, samples.

—50 to +450 °C range since TiO, reduction normally occurs at
T > 600 °C.** The 2Na/TiO, sample presented a broad peak at
200—450 °C, which is assigned to the reduction of Na
species.®’ After Pd was loaded, Pd/TiO, showed a sharp PdO
reduction peak at around 0 °C.>* With the further addition of
Na, the PdO reduction peak shifted to higher temperature at
about 58 °C, while the reduction peak of Na species shifted
toward low temperature, at about 75 °C. The above results
indicate a strong interaction between the Na species and Pd
species, with the Na species stabilizing the Pd species and the
existence of Pd species facilitating the reduction of the Na
species.31’34

XPS Analysis. XPS measurements were next carried out to
identify the states of Pd, Ti O and Na elements on the catalyst
surface. The XPS spectra are shown in Figure S; the binding
energies and the percentages of XPS peaks calculated are
summarized in Table 2. As shown in Figure Sa, the fresh Pd/
TiO, and 2Na—Pd/TiO, only presented one Pd 3ds;, peak
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centered at 336.4 eV, indicating that the Pd species are all in the
oxide state. After the catalysts were reduced at 350 °C, Pd/
TiO,-R displayed two Pd 3ds,, peaks at 336.4 and 335.1 eV
characteristic of Pd oxide and metallic Pd. The calculation
results (Table 2) showed that about 66% of Pd species were in
the metallic Pd state. In contrast, with Na addition, the 2Na—
Pd/TiO,-R catalyst presented a third Pd 3d;,, peak at the low
binding energy of 334.0 eV alongside the peaks at 336.4 and
335.1 eV, indicating that the doped Na, as an electron donor,
leads to the formation of a negatively charged Pd species by its
strong interaction with metallic Pd.**” This formed negatively
charged Pd species could enhance O, adsorption by the
donation of electrons from Pd metal to the antibonding #*
orbital of 0,.%”% In addition, it was dominant (65.1%) on the
2Na—Pd/TiO,-R catalyst surface, therefore playing the key role
in the ambient HCHO oxidation.

Figure 5b shows the Ti 2p peaks of the series of catalysts.
The peak at 458.8 eV over the Pd/TiO, catalyst was ascribed to
Ti* of TiO,.” A slight negative shift of 0.3 eV over Pd/TiO,-R
should be related to the formation of TiO,_, species during the
reduction process.39 In comparison, after Na addition, the Ti 2p
peaks shifted to 458.3 eV over 2Na—Pd/TiO, and 2Na/TiO,
and then shifted to 458.0 eV over 2Na—Pd/TiO,-R and 2Na/
TiO,-R samples. The above findings show that the doped Na
species may interact with the support and improve the
reduction of TiO,.** This finding is consistent with the
observations of Onishi, et al,*" who reported that Na deposited
on TiO, (110) strongly interacted with surface oxygen atoms
thereby causing the charge transfer to the substrate and the
reduction of Ti* to Ti*.

Figure Sc shows the O 1s XPS spectra of the catalysts. Two
kinds of O species were observed in all samples. The main peak
at the binding energy range of 529.2—529.7 eV was assigned to
the lattice oxygen of bulk TiO, (O)), and the small shoulder
peak at the binding energy range 530.8—531.5 eV was ascribed
to Ti—OH.?” As can be seen in Table 2, the percentage of Ti—
OH species (Oy;) was about 9.0% over the Pd/TiO,-R samples,
while the percentage of Ti—OH species (Oy) increased to
15.7% over the 2Na—Pd/TiO,-R catalyst, demonstrating that
Na addition increases the concentration of surface OH
groups.*” We have reported that the reaction between surface
OH and formate species to give final products is a facile
reaction pathway for ambient HCHO oxidation.”® Therefore, in
this work, the enhancement of surface OH concentration with
Na addition also partially accounts for the activity improvement
of 2Na—Pd/TiO,-R.

The XPS data of Na 1s are shown in Figure 5d. Peaks at
1071.3 eV over 2Na/TiO, and 2Na—Pd/TiO, catalysts were
ascribed to Na* in the form of NaNO,,* further confirming the
successful loading of Na species on TiO,. After the catalysts
were reduced, the Na 1s peaks were shifted to lower band
energy, which could be attributed to the partial reduction of
surface Na* or the incorporation of Na* into TiO,.**

O,-TPD. O,-TPD experiments were next performed to
investigate the O, activation over the Pd/TiO,-R and 2Na—Pd/
TiO,-R catalysts, and the profiles are shown in Figure 6. There
was only one broad O, desorption peak presented on both Pd/
TiO,-R and 2Na—Pd/TiO,-R samples in the temperature range
of 25 to 400 °C. For the Pd/TiO,-R catalyst, the O, desorption
occurred at 142 °C and the peak was centered at 221 °C. After
Na addition, the O, desorption peak shifted to the low
temperature range, starting at 89 °C and centered at 180 °C,
indicating that Na species addition enhanced the mobility and
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Figure S. XPS spectra of Pd/TiO,, 2Na—Pd/TiO,, Pd/TiO,-R, and 2Na—Pd/TiO,-R together with 2Na/TiO, and 2Na/TiO,-R samples: (a) Pd 3d,

(b) Ti 2p, (c) O 1s, and (d) Na 1s.

Table 2. XPS Data of Pd/TiO,, 2Na—Pd/TiO,, Pd/TiO,-R
and 2Na—Pd/TiO,-R together with 2Na/TiO, and 2Na/
TiO,-R Samples

Pd 3d
B.E.
samples (ev)
Pd/TiO, 3364
Pd/TiO,-R 335.1
336.4
2Na—Pd/TiO, 3364
2Na—Pd/ 334.0
TiO,R
335.1
336.4
2Na/TiO,
2Na/TiO,-R

O Is
ratio B.E.
(%) (eV)
529.7
531.4
66.0 529.1
34.0 531.4
529.3
531.8
65.1 529.2
19.3 530.8
15.6
529.3
531.2
529.2
530.8

Ti 2p
ratio B.E.
(%) (eV)
91.1 458.8
8.9
90.5 458.5
9.5
91.1 458.3
8.9
84.3 458.0
15.7
91.0 458.3
9.0
89.1 458.0
10.9

Na 1s

B.E.

(eV)

1071.3

1070.6

1071.3

1070.6

activation of the chemisorbed oxygen over the 2Na—Pd/TiO,-
R catalyst. The enhanced activation of chemisorbed oxygen by
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Figure 6. O,—TPD profiles of Pd/TiO,-R and 2Na—Pd/TiO,-R
samples.

Na addition should also contribute to the excellent activity of
2Na—Pd/TiO,-R.
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In summary, this work demonstrates that the Na addition has
a dramatic promotion effect on this Pd-based catalyst for
ambient HCHO oxidation. As shown above, Na addition to
Pd/TiO, led to the formation of a well-dispersed Pd species
that facilitated the activation of surface OH groups and
chemisorbed oxygen and thus significantly increased the
catalytic activity of Pd/TiO, catalyst for ambient HCHO
destruction. This work further confirmed the alkali ion
promotion effect on the catalytic activity of noble metal
based catalysts.

B ASSOCIATED CONTENT
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Representative FTIR spectra for HCHO oxidation reactions,
the standard curve of CO, concentration, and plots of pore size
distribution. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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