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ABSTRACT: The development of highly eﬃcient catalysts for
ambient formaldehyde (HCHO) destruction is of great interest for
indoor air puriﬁcation. Here, we show that a sodium (Na)-doped
iridium (Ir) catalyst (Ir/TiO2) is a highly active catalyst for the
catalytic oxidation of HCHO at room temperature. We observed that
Na addition dramatically enhanced the activity of the Ir/TiO2-R
catalyst, and 100% HCHO conversion was achieved over Na-Ir/TiO2R catalyst at a gas hourly space velocity of 100,000 h−1 and HCHO
inlet concentration of 120 ppm at 25 °C. The Ir/TiO2 and Na-Ir/
TiO2 catalysts were characterized using X-ray powder diﬀraction,
Brunauer−Emmett−Teller surface area testing, high-angle annular
dark-ﬁeld scanning transmission electron microscopy, H2 temperature-programmed reduction (TPR), X-ray absorption ﬁne structure,
X-ray photoelectron spectroscopy, and CO-TPR. The characterization results show that the addition of Na species had no inﬂuence on Ir dispersion on the TiO2 surface but greatly promoted
the activation of both chemisorbed oxygen and H2O. The reaction mechanism of HCHO oxidation was investigated by using in
situ diﬀuse reﬂectance infrared transform spectroscopy. The results show that the reaction mechanisms on Ir/TiO2-R and NaIr/TiO2-R both followed the direct formate oxidation pathway (HCHO → HCOO + OH → CO2 + H2O), and the activated
oxygen species mainly participated in the formate formation step while the activated OH groups were primarily responsible for
the subsequent formate oxidation. Because of the improved capacities for the activation of oxygen and H2O induced by Na
addition, the Na-Ir/TiO2 catalyst demonstrated much better performance than Ir/TiO2 for ambient HCHO oxidation.
KEYWORDS: indoor air pollution, Ir-based catalyst, alkali metal, hydroxyl, promotion eﬀect
for indoor air HCHO elimination.7,10 Transition metal oxides
(Co, Ni, Ag, and Mn)11−16 and supported noble metal (Pt, Pd,
Rh, and Au) catalysts17−27 have been widely investigated for
HCHO oxidation. Generally, the transition metal oxides
require high temperatures (>100 °C) to achieve complete
oxidation of HCHO. In contrast, the supported noble metal
catalysts, especially Pt-, Pd-, and Au-based catalysts, exhibit
excellent activity for catalytic oxidation of HCHO at ambient
temperature without any energy input23,26,28,29 and are
promising for wide application in indoor air HCHO
destruction.
We previously reported that Pt/TiO2 is a highly eﬃcient
catalyst for the catalytic oxidation of HCHO.22,28,30 We also
found that alkali ions (such as Li+, Na+, and K+) have a

1. INTRODUCTION
With increasing concern about indoor air pollution, improving
indoor air quality is becoming a critical issue, especially in
China.1 As a major indoor air pollutant, formaldehyde
(HCHO) is known to cause irritation of the eyes, skin, and
respiratory system and even has carcinogenic eﬀects.2,3
Therefore, eﬀective abatement of HCHO is of great
importance for improving indoor air quality and reducing
public health risks.
Several methods have been applied for the removal of
HCHO, including adsorption, photocatalysis, plasma technology, and catalytic oxidation.4−9 Adsorption is the most widely
used method for indoor air HCHO removal, but it suﬀers from
limited adsorption capacities of absorbents and secondary
pollution during regeneration.5 Because HCHO can be
completely oxidized to form H2O and CO2 by catalytic
oxidation without other byproducts, this method is now
regarded as one of the most promising candidate technologies
© XXXX American Chemical Society
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Table 1. Bulk Composition, Speciﬁc Surface Area (BET), Average Pore Size (dp) and Total Pore Volume (V) of the TiO2, NaTiO2, Ir/TiO2-R, and Na-Ir/TiO2-R Catalysts Together with Ir Dispersion (D), Metal Size (dm), and Turnover Frequencies
(TOFs) at 25 °C on the Ir/TiO2-R and Na-Ir/TiO2-R Catalysts
bulk composition (wt
%)a
sample
TiO2
Na/TiO2
Ir/TiO2-R
Na-Ir/TiO2-R

Ir

Na
1.98

0.99
0.95

1.95

BET (m2/g)

dp (nm)

V (cm3/g)

dmb (nm)

Dc

TOFs (×10−2 s−1)

60.8
54.7
60.2
52.1

30.2
33.4
30.1
34.2

0.46
0.44
0.45
0.45

1.3
1.1

69.1%
81.6%

0.54
1.04

a

Bulk composition was measured by ICP-OES. bMeasured by HAADF-STEM (100 particles counted). cThe detail calculation of Ir dispersion is
shown in Figure S2.

dramatic promotion eﬀect on the Pt/TiO2 catalyst by inducing
and stabilizing atomically dispersed Pt species.29 Recently,
researchers demonstrated that the alkali metal-promotion
eﬀect for Pt is also manifested for Pd-/Ag-based and even
HMO catalysts.31−33 Iridium (Ir) is another platinum group
metal that can be well-dispersed on some supports.34 However,
compared with Pt-, Au-, and Pd-based catalysts, Ir-based
catalysts have been less investigated in heterogeneous catalysis
and have not yet been studied for the HCHO oxidation
reaction. In addition, because Ir has a higher melting point and
surface energy than Pt and Pd, it might have a diﬀerent
interaction with alkali ions. Therefore, exploring Ir-based
catalysts for HCHO oxidation and determining if alkali ions
also have a promotion eﬀect on Ir catalysts are important
avenues of research.
In this paper, we prepared Ir/TiO2 catalysts with and
without sodium (Na) addition and tested their catalytic
activities for HCHO oxidation at low temperature. It was
veriﬁed that Na addition had a dramatic promotion eﬀect on
the Ir-based catalyst. Na-Ir/TiO2-R catalyst showed much
higher performance for ambient HCHO oxidation than that of
the Na-free catalyst, achieving 100% conversion of 120 ppm of
HCHO to CO2 and H2O at a gas hourly space velocity
(GHSV) of 100,000 h−1 at 25 °C. The Ir/TiO2 and Na-Ir/
TiO2 catalysts were next characterized using X-ray powder
diﬀraction (XRD), Brunauer−Emmett−Teller (BET) surface
area testing, high-angle annular dark-ﬁeld scanning transmission electron microscopy (HAADF-STEM), H2 temperature-programmed reduction (H2-TPR), X-ray absorption ﬁne
structure (XAFS), X-ray photoelectron spectroscopy (XPS),
and in situ diﬀuse reﬂectance infrared transform spectroscopy
(DRIFTS) methods. On the basis of the characterization
results, the Na-promotion mechanism, reaction mechanism,
and role of both O2 and H2O in HCHO oxidation on Ir-based
catalysts were carefully discussed and elucidated.

TiO2-R catalysts, respectively; Na contents were 1.98 and 1.95
wt % on the Na/TiO 2 and Na-Ir/TiO 2 -R catalysts,
respectively.
2.2. Material Characterization. XRD, N2 adsorption−
desorption analysis, HAADF-STEM, and XPS were carried out
according to our previous work.21,31 Before characterization, all
samples were pretreated with H2 at 300 °C for 1 h. H2-TPR of
the fresh Ir/TiO2 and Na-Ir/TiO2 samples was carried out
according to the previous work,31 and TPR of Ir/TiO2-R and
Na-Ir/TiO2-R catalysts followed the same procedure as in
another previous work.21
The in situ XANES spectra of the Ir−LIII edges of the Ir/
TiO2 and Na-Ir/TiO2 samples during reduction by 10% H2/Ar
were collected on the BL14W1 beamline, Shanghai Synchrotron Radiation Facility (SSRF). The reduction temperature
was ramped up to 300 °C at a rate of 5 °C/min and then
maintained at 300 °C for 1 h in a ﬂow of 10% H2/Ar (100
mL). The samples were then cooled to room temperature
under protection of H2/Ar after which the gas was switched
into N2 for 30 min and ﬁnally to air. Data were analyzed using
Athena and Artemis from the Ifeﬃt 1.2.11 software package.
XANES spectra were normalized with the edge height.
2.3. 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 with a gas mixture containing 120 ppm of HCHO, 20%
O2, and He balance at a total ﬂow rate of 100 cm3 min−1
(GHSV = 100,000 h−1). All gas streams were humidiﬁed to a
relative humidity (RH) of ∼50%. Turnover frequencies
(TOFs) were obtained in a separate experiment where the
conversion of HCHO was kept below 30% by varying the inlet
HCHO concentration and GHSV with negligible heat and
mass-transfer eﬀects. Typically, the samples were tested with
250 ppm inlet HCHO, GHSV of 300000 h−1, and RH of 50%
at 25 °C. The TOF calculations followed the same procedure
in our previous work.21 Stability testing and H2O startupshutdown cycling were performed under harsher conditions
with 200 ppm of HCHO and 200,000 h−1 at 25 °C. Analyses
of inlet and outlet gases and the carbon balance calculation
were performed according to our previous study.30

2. MATERIALS AND METHODS
2.1. Material Preparation. The 1 wt % Ir/TiO2, 2 wt %
Na/TiO2, and 2 wt % Na/1 wt % Ir/TiO2 samples were
prepared according to previous research.31 Typically, Na2CO3
and iridium acetate (Alfa Aesar) were used for catalyst
preparation. After the samples were prereduced using H2 at
300 °C for 1 h, the catalysts were denoted as TiO2-R, Na/
TiO2-R, Ir/TiO2-R, and Na-Ir/TiO2-R, respectively. The Ir
and Na contents in the Ir/TiO2 and Na-Ir/TiO2 catalysts were
measured by inductively coupled plasma optical emission
spectrometry (ICP-OES) (OPTIMA 2000, PerkinElmer), and
the results are presented in Table 1. It is shown that the Ir
contents were 0.99 and 0.95 wt % on the Ir/TiO2-R and Na-Ir/

3. RESULTS AND DISCUSSION
3.1. Activity Test. The HCHO oxidation performances of
Ir/TiO2-fresh, Na-Ir/TiO2-fresh, Ir/TiO2-R, Na-Ir/TiO2-R,
pure TiO2-R, and Na/TiO2-R were evaluated, and the results
are presented in Figure S1 and Figure 1, respectively. As shown
in Figure S1, both Ir/TiO2-fresh and Na-Ir/TiO2-fresh
possessed rather poor performances for HCHO oxidation,
especially at room temperature. Interestingly, Na-Ir/TiO2-fresh
11378
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Figure 1. HCHO conversion over TiO2-R, 2Na/TiO2-R, Ir/TiO2-R,
and Na-Ir/TiO2-R samples at diﬀerent temperatures. Reaction
conditions: 120 ppm of HCHO, 20% O2, 50% RH, He balance,
GHSV 100,000 h−1 (inset: results of stability testing performed at 25
°C under harsher conditions with 200 ppm of HCHO and 200,000
h−1 GHSV).

Figure 2. XRD patterns of Ir/TiO2-R and Na-Ir/TiO2-R together
with TiO2-R and Na/TiO2-R samples.

TiO2-R catalyst only decreased slightly to 1.1 nm. We
previously found that Na addition to Pt/TiO2 induced and
stabilized atomically dispersed Pt species, and Na addition to
Pd/TiO2 decreased the Pd particle size from 11.4 to 3.4 nm via
the strong interaction between Pt/Pd and Na species.25,31 In
contrast, Na addition showed no clear promotion eﬀect on Ir
dispersion on TiO2, which could be ascribed to the diﬀerent
chemical properties of Ir species resulting in diﬀerent
interactions between Ir and TiO2/Na compared with those
of Pt or Pd species.21
On the basis of the results of Ir0 particle size, the Ir
dispersions on Ir/TiO2-R and Na-Ir/TiO2-R catalysts were
calculated following the model and equations in the
Supporting Information (Figure S2).35 The Ir0 dispersions
on Ir/TiO2-R and Na-Ir/TiO2-R catalysts were 69.1 and
81.6%, respectively, and the results are shown in Table 1. The
TOFs on Ir/TiO2-R and Na-Ir/TiO2-R catalysts were next
calculated according to the Ir dispersions, and the results are
also presented in Table 1. The Ir/TiO2-R and Na-Ir/TiO2-R
catalysts presented the TOFs of 0.54 × 10−2 and 1.04 × 10−2
s−1, respectively. It is clear that the Na addition signiﬁcantly
enhanced the activity of the Na-Ir/TiO2-R catalyst with a TOF
twice higher than that of the Ir/TiO2-R catalyst.
3.4. Reducibility of Catalysts. The eﬀect of Na addition
on the reducibility of the fresh Ir/TiO2 and Na-Ir/TiO2
catalysts was investigated by H2-TPR measurements, and the
results are shown in Figure 4. As shown in Figure 4 (inset), no
obvious H2 consumption was observed on pure TiO2. Two H2
consumption peaks at 350−550 °C and >600 °C were
presented on fresh Na/TiO2, which were assigned to the
reduction of residual Na2CO3 and bulk TiO2, respectively.
There were three H2 consumption peaks for the Ir/TiO2-fresh
sample. The peak at 140 °C was attributed to the reduction of
IrO2 to Ir; the peak at 220 °C was due to the partial reduction
of surface TiO2 adjacent to Ir sites. The addition of Na to Ir/
TiO2 showed limited inﬂuence on the reduction of IrO2 and
bulk TiO2 but facilitated the reduction of surface TiO2
adjacent to the Ir sites, shifting the peak to the low temperature
range. In addition, the peak appearing at 300−500 °C for NaIr/TiO2-fresh was due to the reduction of residual Na2CO3.
Compared to the TPR result of fresh Na/TiO2, the reduction
of residual Na2CO3 on Na-Ir/TiO2-fresh was shifted to lower

had a higher activity than Ir/TiO2-fresh. As shown in Figure 1,
the performances of the samples were greatly enhanced after
H2 pretreatment, indicating that the metallic Ir species were
the active sites for HCHO oxidation on the Ir/TiO2 system.
The Ir/TiO2-R catalyst presented 36 and 100% HCHO
conversion at 25 and 150 °C, respectively. The Na-Ir/TiO2-R
catalyst showed a much higher performance than Ir/TiO2-R
for HCHO oxidation with 100% HCHO conversion to CO2 at
25 °C under 120 ppm of HCHO and GHSV of 100,000 h−1,
demonstrating a dramatic promotion eﬀect of Na addition on
Ir/TiO2-R. Moreover, a long isothermal test at 25 °C was also
carried out on the Na-Ir/TiO2-R catalyst under harsher
conditions with 200 ppm inlet HCHO and GHSV of
200,000 h−1. As shown in Figure 1 (inset), the Na-Ir/TiO2R catalyst had an excellent stability, and ∼80% HCHO
conversion was maintained over the 25 h test.
3.2. Structural Features of Catalysts. XRD and BET
measurements were carried out to investigate the crystalline
structures and physical properties of the samples. Figure 2
shows the XRD patterns of Ir/TiO2-R and Na-Ir/TiO2-R
together with those of TiO2 and Na/TiO2. There were no
diﬀraction peaks of Ir species (Ir0, IrO2) in any samples,
indicating that Ir species were highly dispersed on the TiO2
support. As shown in Table 1, the speciﬁc surface area, pore
diameter, and volume values of Ir/TiO2-R were similar to
those of pure TiO2-R, whereas the addition of Na somewhat
decreased the speciﬁc surface area of Ir/TiO2 due to the loss of
small pores covered by the Na species similar to that observed
in the Na−Pt/TiO2 and Na−Pd/TiO2 systems.25,31
3.3. Ir Dispersion and Particle Size on Catalyst.
Aberration-corrected HAADF-STEM measurements were
performed next to investigate the morphology and particle
size distribution of Ir particles on the TiO2 surface before and
after Na addition. The HAADF/STEM images and Ir particle
size distribution of Ir/TiO2-R and Na-Ir/TiO2-R are shown in
Figure 3. Before Na addition, Ir was already highly dispersed
on the Ir/TiO2-R catalyst, and the average Ir particle size (dm)
was 1.3 nm. The Na addition showed no obvious inﬂuence on
Ir dispersion, and the average Ir particle size on the Na-Ir/
11379
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Figure 4. H2-TPR proﬁles of fresh Ir/TiO2, fresh Na-Ir/TiO2, fresh
Na/TiO2, fresh TiO2, Ir/TiO2-R, and Na-Ir/TiO2-R samples.

−50 °C, and then a second TPR was carried out with 10% H2/
Ar from −50 to 100 °C at a rate of 10 °C/min. As shown in
Figure 4, only one peak at 30 °C appeared for the two
catalysts, which was attributed to the reduction of chemisorbed
oxygen species. Clearly, there was more chemisorbed oxygen
on the Na-Ir/TiO2-R catalyst, indicating that the capacity of
Ir/TiO2-R for O2 chemisorption and activation was indeed
enhanced by Na addition and therefore beneﬁcial to the
HCHO oxidation reaction.
3.5. XAFS and XPS Analysis. For understanding the
chemical state of the Ir/TiO2-R catalyst before and after Na
addition, XAFS measurements were conducted for Ir/TiO2
and Na-Ir/TiO2 before H2 reduction, after in situ H2 reduction
at atmospheric pressure, and after exposure to air following H2
reduction. Figure 5 displays the normalized Ir-LIII edge XANES
spectra and ﬁrst-order derivatives of the Ir/TiO2 and Na-Ir/
TiO2 catalysts, IrO2, and Ir foil. As shown in Figure 5a, the Ir
species in both Ir/TiO2 and Na-Ir/TiO2 were predominantly
in the oxidized state before H2 reduction, as can be seen by
comparing their white line locations and intensities with those
of Ir foil and IrO2. The Ir species were reduced to the metallic
state during the in situ reduction (Figure 5b). With further
exposure to ambient air (Figure 5c), the Ir species still
remained primarily in the metallic state but became partially
oxidized, possibly due to the dissociative adsorption of O2.
The states of the Ir, Ti, and O elements on the catalyst
surface were next analyzed by XPS, and the results are shown
in Figure 6. Because there is overlap between Ir 4f and Ti 3s,
we measured the Ir 4d spectra. As shown in Figure 6a, two Ir
4d5/2 peaks centered at 296.6 and 296.2 eV appeared on the Ir/
TiO2-R sample, which were assigned to metallic Ir species,36
and these two peaks shifted to lower energies by 0.4 eV on the
Na-Ir/TiO2-R catalyst. Therefore, we conﬁrmed that electrons
were transferred from the Na dopant (electron donor) to Ir0
species through interaction, leading to the formation of a
negatively charged Ir0 species.37,38 Furthermore, O2 adsorption
and activation can be enhanced by the formation of negatively
charged Ir0 species through the donation of electrons from a
noble metal to the antibonding π* orbital of O2,25,26 which is
in line with the results of the H2-TPR measurements on the
reduced samples.

Figure 3. Aberration-corrected HAADF/STEM images and particle
size distribution (inset, 100 particles counted) of (a) Ir/TiO2-R and
(b) Na-Ir/TiO2-R.

temperature, which should be due to the strong interaction
between Ir and Na species facilitating the reduction of Na
species.
For the capacities of the Ir/TiO2-R and Na-Ir/TiO2-R
samples to be further investigated for O2 adsorption and
activation at room temperature, second H2-TPR measurements
on the Ir/TiO2-R and Na-Ir/TiO2-R catalysts were carried out.
The fresh Ir/TiO2 and Na-Ir/TiO2 samples were ﬁrst reduced
under H2 at 300 °C for 1 h followed by purging with helium
for 30 min at 300 °C to desorb H2 and H2O. After the system
was cooled in helium to 25 °C, the gases were switched to 10%
O2/He for 30 min to adsorb and activate O2 followed by
purging with helium for 30 min. The system was next cooled to
11380
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Figure 6. XPS spectra of Ir/TiO2-R and Na-Ir/TiO2-R together with
TiO2-R and Na/TiO2-R samples: (a) Ir 4d, (b) Ti 2p, and (c) O 1s.
Figure 5. (a) Ir LIII edge XANES spectra and ﬁrst-order derivatives of
Ir/TiO2 and Na-Ir/TiO2 catalysts before H2 reduction, (b) after in
situ reduction, and (c) after air exposure following H2 reduction
together with those of IrO2 and Ir foil.

Compared with TiO2-R, a negative shift of 0.7 eV occurred on
the Ir/TiO2-R samples, which was attributed to the partial
reduction of TiO2 by H2 spillover on the Ir species during the
reduction process. A negative shift of 0.4 eV was also observed
on the Na/TiO2-R catalyst. Likewise, Na addition also induced
a slight negative shift of 0.3 eV on the Na-Ir/TiO2-R catalyst
compared with the Ir/TiO2-R catalyst, indicating that alkali

Figure 6b shows the Ti 2p peaks of the series of catalysts.
The peaks at 458.0−459.0 eV were ascribed to Ti4+ of TiO2.25
11381
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oxidation, and the results are shown in Figures 8 and 9. As seen
from Figure 8a, the Ir/TiO2-R catalyst showed almost no

metals may induce the formation of TiO2−x species through
interaction with the support,39,40 and it seems that more
TiO2−x species existed on the Na-Ir/TiO2-R catalyst than on
the Ir/TiO2-R catalyst.
The O 1s XPS spectra of the catalysts are shown in Figure
6c. All samples possessed two kinds of O species. The main
peak at the binding energy range of 529.3−529.8 eV was
assigned to the lattice oxygen of bulk TiO2 (OII), and the small
shoulder peak in the binding energy range of 530.8−531.5 eV
was ascribed to surface chemisorbed hydroxyl species (Ti−
OH).41 The relative contents of Ti−OH on the samples were
also estimated. The Ir/TiO2-R sample possessed only 9.4%
Ti−OH, similar to the TiO2-R and Na/TiO2-R samples.
Remarkably, the relative content of Ti−OH species increased
to 21.1% on the Na-Ir/TiO2-R catalyst, demonstrating that Na
addition increased the concentration of surface OH groups.
Onishi et al. have shown that Na deposited on TiO2 (110)
strongly interacted with surface oxygen atoms, thereby causing
the charge transfer to the substrate followed by reduction of
TiO2 and then forming TiO2−x.40 TiO2−x is known to facilitate
the dissociation of H2O to form surface OH.42 In addition,
Zhai et al. have reported that alkali metal addition to Pt could
signiﬁcantly enhance the OH binding to form a PtNaOx(OH)y species, which is beneﬁcial for H2O activation.43 The
Na addition into Ir/TiO2 may also induce an IrNaOx(OH)y
species, therefore promoting the H2O activation to surface
OH.
We also performed CO-TPR (2CO + 2OH → 2CO2 + H2)
to determine whether activation of the surface OH species was
enhanced on the Na-promoted Ir/TiO2 catalyst. As shown in
Figure 7, more H2 and CO2 were generated on the Na-Ir/

Figure 8. O2 eﬀect on the activity of (a) Ir/TiO2-R and (b) Na-Ir/
TiO2-R catalysts (Zones 1 and 3, HCHO + He + H2O; Zones 2 and
4, HCHO + He + O2 + H2O). Reaction conditions: 200 ppm of
HCHO, 20% O2, 50% RH, He balance, 200000 h−1 GHSV, 25 °C.

activity for HCHO oxidation at room temperature in the
absence of O2 (Zones 1 and 3), whereas ∼30% HCHO
conversion was achieved after introducing O2 into the ﬂow
gases (Zones 2 and 4). A similar phenomenon was also
observed for the Na-Ir/TiO2-R catalyst. When there was no
O2, the Na-Ir/TiO2-R catalyst was not active for HCHO
oxidation. When O2 was present, the performance of the NaIr/TiO2-R catalyst was greatly enhanced, and HCHO
conversion reached ∼80%. As shown in Figure 9, when there
was no moisture in the ﬂow gases, the Ir/TiO2-R catalyst was
also not active for HCHO oxidation at room temperature
(Zones 1 and 3). After introducing water vapor into the ﬂow
gases (Zones 2 and 4), ∼30% HCHO conversion was
obtained. The activity of the Na-Ir/TiO2-R catalyst also
depended on the presence of moisture. When there was no
moisture, the Na-Ir/TiO2-R catalyst was not active. However,
when water vapor was present, the Na-Ir/TiO2-R catalyst
showed much higher activity than that of the Ir/TiO2-R
catalyst, and ∼80% HCHO conversion could be reached.
The results presented above indicate there was a synergistic
eﬀect between H2O and O2 in HCHO oxidation, and both of
them play an important role in the reaction on Ir/TiO2-R and
Na-Ir/TiO2-R catalysts at room temperature, which was also

Figure 7. CO-TPR proﬁles of Ir/TiO2-R and Na-Ir/TiO2-R samples.

TiO2-R catalyst than on the Ir/TiO2-R catalyst, indicating that
more active OH groups existed on the Na-Ir/TiO2-R catalyst
to react with CO to produce CO2 and H2. We have previously
shown that surface OH groups play an important role in
ambient HCHO oxidation because OH reaction with formate
species to ﬁnal products is a facile pathway for HCHO
oxidation.24 Therefore, the enhancement of the surface OH
concentration by Na addition is one of the main reasons for
the improved performance of Ir/TiO2-R for HCHO oxidation.
3.6. Role of O2 and H2O in HCHO Oxidation. O2 and
H2 O startup-shutdown cycling experiments were next
performed to clarify the role of O2 and H2O in HCHO
11382
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Figure 9. H2O eﬀect on the activity of the (a) Ir/TiO2-R and (b) NaIr/TiO2-R catalysts (zone 1 and 3, HCHO+He+O2; zone 2 and 4,
HCHO+He+O2+H2O). Reaction conditions: 200 ppm of HCHO,
20% O2, 50% RH, He balance, GHSV 200,000 h−1, 25 °C.
Figure 10. In situ DRIFTS spectra over (a) Ir/TiO2-R and (b) Na-Ir/
TiO2-R in a ﬂow of He + HCHO + O2 + H2O for 60 min (1)
followed by He purging for 60 min (2) and O2 purging for 60 min
(3), and ﬁnally by O2 + H2O purging for 60 min (4) at room
temperature. For the dynamic time sequence of the DRIFTS spectra,
see Figures S1 and S2. Reaction conditions: 120 ppm of HCHO, 20%
O2, 50% RH, He balance, total ﬂow rate of 100 cm3 min−1.

demonstrated by DFT calculations.44,45 It has been reported
that surface OH groups are formed by water dissociation on
oxygen vacancies42,46,47 or on metal surfaces through water−
oxygen interactions.48−50 The OH species can also facilitate O2
adsorption and activation on TiO2 (110)25,51 and enhance the
diﬀusion of oxygen.51,52 Because the Na-Ir/TiO2-R catalyst
possessed a much higher capacity for O2 and H2O activation
than the Ir/TiO2-R catalyst, it demonstrated much better
performance.
3.7. In Situ DRIFTS Study. The reaction mechanism of
HCHO oxidation on Ir/TiO2-R and Na-Ir/TiO2-R catalysts
was investigated at room temperature by using in situ DRIFTS.
The spectra at steady state are presented in Figure 10, and the
dynamic DRIFTS spectra with time are given in Figure S3. As
shown in Figure 10a, when the Ir/TiO2-R catalyst was exposed
to a ﬂow of HCHO + He + O2 + H2O for 60 min, bands at
1358, 1580, 1645, 2741, 2848, and 3674 cm−1 appeared.
According to previous studies, the bands at 1358 and 1580
cm−1 were ascribed to the symmetric stretch νs (COO−) and
the asymmetric stretch νas (COO−) of formate species,
respectively, and the bands at 2741 and 2848 cm−1 were
related to the ν(C−H) of formate.28,44,45 A broad absorption
band ranging from 3700 to 3000 cm−1 and the peak at 1645
cm−1 were due to water adsorbed on the catalyst.44,46
Meanwhile, a negative peak of surface hydroxyl (OH) species
at 3674 cm−1 was observed on the catalyst surface,28,46
suggesting that the formation of surface HCOO− consumed

some OH species. There was no peak associated with
molecularly adsorbed HCOOH or HCHO on the Ir/TiO2-R
catalyst, indicating that the adsorbed HCHO was rapidly
converted to formate species in the ﬂow of HCHO + He + O2
+ H2O.
The ﬂow of HCHO + O2 + H2O was then switched oﬀ, and
the system was purged by He for 60 min. With helium purging,
the broad band ranging from 3700 to 3000 cm−1 and the peak
at 1645 cm−1 dramatically decreased, indicating that a large
amount of adsorbed water was removed. The bands of formate
species (1358, 1580, 1645, 2741, and 2848 cm−1) were slightly
increased, and a very weak band classiﬁed as ν(C−H)
appeared at 2950 cm−1, which is due to the adsorption of
the residual HCHO after the adsorbed water was purged.
Upon subsequent exposure of the catalyst to O2 for 60 min, all
peaks basically remained unchanged, demonstrating that
oxygen has a limited eﬀect on the decomposition of formate
species on the Ir/TiO2-R catalyst. In contrast, when water
vapor was reintroduced into the system, the formate species
clearly decreased. These results showed that surface OH
11383
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groups play an important role in formate oxidation, which was
in agreement with the results of H2O startup-shutdown cycling
experiment. As shown in O2 startup-shutdown results (Figure
8), oxygen was also indispensable for HCHO oxidation
because the formation of the formate species is dependent
on the presence of O2.47 Taking these results into account, we
believe that the HCHO oxidation reaction on the Ir/TiO2
catalyst followed the direct formate oxidation mechanism with
the formate oxidation by OH being the rate controlling step.
The same in situ DRIFTS experiments were also performed
for the Na-Ir/TiO2-R catalyst. The spectra at steady state are
presented in Figure 10b, and the dynamic DRIFTS spectra
with time are given in Figure S4. After the samples were
exposed to a ﬂow of HCHO + He + O2 + H2O for 60 min,
formate species (1597, 1363 cm−1 for ν(COO−) and 2803,
2704 cm−1 for ν(C−H)) were formed and were dominant on
the catalyst surface. A negative peak of surface hydroxyl (OH)
groups at ∼3678 cm−1 was also observed. With He purging,
the peak intensities of the HCOO− and H2O bands dropped
simultaneously (shown in Figure S4), and the formate species
almost disappeared after 60 min. Meanwhile, surface carbonate
and bicarbonate species (1310 and 1532 cm−1)28 appeared and
gradually increased with formate consumption, indicating that
the formate species reacted with active OH groups to generate
carbonate or bicarbonate species. Further purging the system
with O2 did not induce obvious changes in the spectra, whereas
the carbonate or bicarbonate species gradually decreased with
H2O and O2 purging, indicating that the activated OH species
also facilitated the decomposition of the carbonate or
bicarbonate species.
On the basis of these results, we conclude that the addition
of Na+ ions did not change the reaction mechanism of the Ir/
TiO2-R catalyst. Nevertheless, the Na-Ir/TiO2-R catalyst
possessed much higher capacity for H2O and O2 activation
than that of the Ir/TiO2-R catalyst because the formate species
were consumed more rapidly by surface OH groups on the NaIr/TiO2 catalyst.
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