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ABSTRACT: Formaldehyde (HCHO) is either a reactant, intermediate, or product
in numerous industrial catalytic reactions; therefore, revealing the full transformation
process of HCHO during heterogeneous catalysis is of prime importance in
understanding the mechanisms of many HCHO-related reactions and designing more
efficient catalysts. As two main intermediates in HCHO transformation, the
conversion of dioxymethylene (DOM) to formate is one of the key steps. There
are three recognized pathways for this step, including direct dissociation of DOM,
DOM combining with surface O, or through a Cannizzaro-type reaction. Herein, we
reveal that the catalytic reaction between DOM and the abundant surface OH groups
is a facile pathway for the transformation of DOM to formate species on TiO2 and
also on TiO2-supported noble metal catalysts. In situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) results demonstrate that the presence of
water vapor is favorable for the conversion of DOM to formate species on TiO2, and
the loading of noble metals (Ir/Pt) on TiO2 further promotes the activation of H2O,
thereby boosting the transformation of DOM into formate. Density functional theory (DFT) calculations show that HCHO
consumes the bridging OH groups to form DOM species first followed by the reaction between DOM and the terminal OH groups
on the TiO2 surface to produce formate, and the latter reaction is both thermodynamically and kinetically favorable. These results
provide deeper insight into HCHO transformation and demonstrate another role of surface hydroxyl groups in catalytic reaction.
KEYWORDS: hydroxyl, dioxymethylene (DOM), formate, metal oxide surface, promotion effect

■ INTRODUCTION

Formaldehyde (HCHO) is the simplest aldehyde, and it or its
adsorbed forms is either a reactant, product, or key
intermediate in numerous important industrial catalytic
reactions such as methanol oxidation,1 methyl formate
production,2 methanol dehydrogenation, and synthesis3,4 as
well as higher alcohol and Fischer−Tropsch syntheses.5,6

Hence, HCHO is often employed as a probe molecule to
investigate the adsorption and reaction behavior of the
aldehyde groups or C1 molecules on solid surfaces.7 Beyond
this, gaseous HCHO is known to be a harmful indoor air
pollutant leading to serious health problems, and its
destruction by catalytic oxidation under ambient conditions
is the most efficient technology for indoor air HCHO
elimination.8 It is of great interest to identify the full
adsorption and reaction pathway of HCHO on catalyst
surfaces to understand the mechanisms of industry-relevant
catalytic reactions and to guide the design of more efficient
catalysts for HCHO oxidation.
Many studies have been carried out concerning the

adsorption and transformation processes of HCHO on metal
surfaces such as Cu (110) and Pt (111) and also on metal
oxides such as TiO2, SiO2, Al2O3, and so on.6,9−13 It is
generally believed that dioxymethylene (DOM, H2CO2) and

formate species (HCOO) are the primary intermediates for
HCHO transformation, and the structural formulas of which
are shown in Figure S1. In the initial step, HCHO can react
with the surface O species or OH groups to form DOM
species.6,9,10,14−16 There are three recognized pathways for the
formation of formate species from DOM. The first pathway is
the direct dissociation of DOM to produce HCOO on a metal
surface in the absence of O atoms.9 When oxygen species exist
on the surface, DOM has a propensity to combine with surface
oxygen to form formate species, which is the second pathway
for transformation of DOM.16−19 The third pathway involves a
Cannizzaro-type reaction in which the DOM is disproportio-
nated into a formate species and a methoxide group due to
hydride transfer between two DOM species.6,20 There are two
main routes for the further transformation of formate species.
When the catalyst has sufficient capacity for H2O activation to
hydroxyl groups, the direct oxidation mechanism of HCOO +
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OH → H2O + CO2 takes place;
21−23 otherwise, the formate

species decompose into adsorbed CO species first, and the CO
species then react with O2 to produce gas-phase CO2 (HCOO
→ CO → CO2).

14,24−26

As previously reported, water can be dissociated into surface
OH groups on oxygen vacancies27,28 or on metal surfaces
through water−oxygen interactions.29,30 Surface hydroxyl is a
well-known active oxygen species, which plays an extensive role
in various photochemical and catalytic reactions.21−23,31−38 It
has been shown that OH groups can facilitate the adsorption
and diffusion of O2 on Au/TiO2

33 and also that the
concentration of surface OH groups influences the dispersion
of active metal on the support, thus affecting the catalytic
activity of catalysts.34,35 Our previous works21,23,31 and a
number of other studies22,36,37 have demonstrated that surface
OH groups play a key role in the catalytic oxidation of HCHO,
and the presence of water vapor can greatly improve the

efficiencies of catalysts for HCHO oxidation, which have been
mainly related to the fact that the abundant OH groups on the
catalyst surface can significantly favor the conversion of
formate to H2O and CO2.
In this work, we carefully investigated HCHO adsorption

and transformation in the presence and absence of O2 and
H2O on pristine TiO2 and TiO2-supported noble metal (Pt
and Ir) catalysts using in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) experiments and
DFT calculations. We observe that the presence of H2O can
promote the conversion of DOM to formate species on TiO2,
and the promotion effect is more pronounced when noble
metals are loaded on TiO2. DFT calculation results show that
surface OH species can catalyze DOM to form formate species
on TiO2 surfaces, and the loading of Pt or Ir on TiO2 promotes
the dissociation of H2O to surface OH groups, therefore
greatly enhancing the transformation of DOM to formate. Our

Figure 1. Dynamic changes of in situ DRIFTS of the TiO2 sample in a flow of (a) HCHO + He for 60 min, followed by (b) HCHO + He + O2 for
60 min, then (c) HCHO + He + O2 + H2O for 60 min, and finally by (d) He purging for 60 min. (e) Spectra at a steady state at room temperature.
Reaction conditions: 120 ppm HCHO, 20% O2, 35% RH, He balance, and a total flow rate of 100 cm3 min−1.
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findings demonstrate that the reaction between DOM and OH
is a new and facile pathway for the transformation of DOM
into formate species.

■ RESULTS AND DISCUSSION
In Situ DRIFTS of HCHO Adsorption and Trans-

formation on TiO2. In situ DRIFTS experiments were
performed to investigate HCHO adsorption and trans-
formation in the presence and absence of O2 and H2O on
pristine TiO2. The dynamic and steady-state in situ DRIFTS
spectra are presented in Figure 1. After exposing the TiO2 to a
flow of HCHO + He for 60 min, the bands at 1064, 1116,
1158, 1174, 1358, 1411, 1565, 2763, 2861, 2913, 2966, and
3674 cm−1 appear (Figure 1a). The bands at 1064, 1116, 1158,
1174, and 1411 cm−1 are ascribed to ν(C−O) and ω(CH2) in
DOM species, and the bands at 2763, 2861, 2913, and 2966
cm−1 are ascribed to ν(CH2) of DOM.6,11,15 The very weak

bands appearing at 1358 and 1565 cm−1 are assigned to the
symmetric stretch νs (COO

−) and the asymmetric stretch νas
(COO−) of formate.39 A negative peak at 3674 cm−1 related to
surface bridging hydroxyl (OH) species is also clearly detected
with HCHO adsorption.40 These results show that HCHO is
mainly converted to adsorbed DOM species on TiO2 by
consuming bridging hydroxyl groups on the surface in the flow
of HCHO + He, and only a small portion of DOM are
transformed to formate.16,18 No peaks related to molecularly
adsorbed HCHO, formic acid,15,24 or the methoxide group6

are observed on the TiO2 surface.
Subsequently, O2 is added to the gas flow in the system.

After exposing the system to a flow of HCHO + He + O2 for
60 min, there is no observable change in the peak intensities of
DOM and HCOO− species (Figure 1b), indicating that O2 has
no influence on DOM formation and conversion on TiO2.
When water vapor is introduced into the system (Figure 1c),

Figure 2. Dynamic changes of in situ DRIFTS of the Ir/TiO2 sample in a flow of (a) HCHO + He for 60 min, followed by (b) HCHO + He + O2
for 60 min, then (c) HCHO + He + O2 + H2O for 60 min, and finally by (d) He purging for 60 min. (e) Spectra at a steady state at room
temperature. Reaction conditions: 120 ppm HCHO, 20% O2, 35% RH, He balance, and a total flow rate of 100 cm3 min−1.
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the peak intensities of both DOM and HCOO− species clearly
decrease. After subsequently purging with He for 60 min
(Figure 1d), the intensity of the peak at 1653 cm−1 related to
water sharply drops and the peak intensities of DOM species
are partially recovered, indicating that water may cover the
adsorbed surface species, thereby decreasing the related peak
intensities. Importantly, after final purging with He, we observe
that the peak intensities of formate species (1358 and 1565
cm−1) are slightly increased, while those of DOM species are
decreased compared with their initial states (Figure 1e),
demonstrating that some DOM are transformed into formate
species by the interaction with water vapor. Taking the above
findings into account, we conclude that the presence of water
vapor promotes the conversion of DOM to formate on TiO2,
and the reaction of DOM with surface hydroxyl groups may be
a new pathway for DOM transformation.
In Situ DRIFTS of HCHO Adsorption and Trans-

formation on Ir/TiO2. It is known that noble metals have the
stronger ability to activate O2 and H2O than ordinary metal
oxides. We next loaded different noble metals such as Ir and Pt
on TiO2 and further investigated the adsorption and
transformation behaviors of DOM and HCOO species. Figure
2 presents the dynamic and steady-state in situ DRIFTS
spectra over the Ir/TiO2 sample. After Ir/TiO2 is exposed to a
flow of HCHO + He for 60 min (Figure 2a), DOM and
HCOO species are also formed on Ir/TiO2. Similar to the
results on TiO2, the DOM species are dominant on the surface,
and the formate species remain at a low concentration level.
When O2 is added into the system, the peak intensities of
DOM and HCOO− remain almost unchanged in the flow of
HCHO + He + O2 for 60 min (Figure 2b), confirming that O2
is still inactive for DOM conversion, even on Ir/TiO2. After

water vapor is introduced (Figure 2c), the peak intensities of
DOM species sharply drop and the peaks of formate species
quickly build up. The DOM species completely disappear
within 20 min on Ir/TiO2 in the flow of He + HCHO + O2 +
H2O. After subsequently purging with He for 60 min (Figure
2d), we can clearly observe that the formate species (νs
(COO−) 1358 cm−1, νas (COO

−) 1580 cm−1, and ν(C−H)
2736, 2846, and 2950 cm−1) are dominant on the Ir/TiO2
catalyst surface. These findings confirm that Ir loading on TiO2
greatly improves the H2O activation, therefore significantly
promoting the transformation of DOM into formate.
To eliminate the possible effects of oxygen coexistence with

water vapor and to confirm the role of H2O in DOM
transformation, we changed the entry order of oxygen and
water vapor (shown in Figure S4). We first introduce water
vapor into the gas flow after the Ir/TiO2 sample is exposed to a
flow of HCHO + He for 60 min. As expected, the DOM
species still quickly disappear in 20 min and are converted into
formate species in the presence of water vapor (Figure S4b).
We next investigated the transformation of the adsorbed DOM
species on the Ir/TiO2 sample in the absence of HCHO. As
Figure 3a shows, after exposing the Ir/TiO2 to a flow of
HCHO + He for 60 min, adsorbed DOM species are formed.
We next stop the HCHO flow to measure the reactivity of the
adsorbed DOM species toward O2 or H2O. As we can see, the
introduction of O2 does not induce obvious changes in the
spectra, and when water vapor is switched into the system, the
band intensities for DOM species decrease along with the
increase of those for formate species (Figure 3a,b). The peak
areas of the DOM and formate species (HCOO: 1492−1660
cm−1; DOM: 1012−1220 cm−1) in Figure 3b were integrated
and displayed as a function of time in Figure 3c. It is clear that

Figure 3. (a) In situ DRIFTS spectra over Ir/TiO2 in a flow of HCHO + He for 60 min (1), followed by He + O2 for 60 min (2), then He + H2O
for 60 min (3), and finally by He purging for 60 min (4). (b) Dynamic changes of in situ DRIFTS of the Ir/TiO2 sample in a flow of He + H2O for
60 min at room temperature with (c) changes in the band areas of the DOM and formate species (HCOO: 1492−1660 cm−1; DOM: 1012−1220
cm−1) over time. Reaction conditions: 120 ppm HCHO, 20% O2, 35% RH, He balance, and a total flow rate of 100 cm3 min−1.
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the surface DOM species completely disappear in 20 min and
transform into formate species on Ir/TiO2 in the flow of He +
H2O. In addition, we do not observe any other species such as
methoxy groups, formic acid, or methanol on the Ir/TiO2

surface or in the reaction atmosphere (shown in Figure S5);
therefore, we can confirm that adsorbed DOM is directly
oxidized into formate species through interaction with surface
OH groups.
In Situ DRIFTS of HCHO Adsorption and Trans-

formation on Pt/TiO2. We also conducted the same in situ
DRIFTS experiments on the Pt/TiO2 (Figure 4) sample and
observed similar experimental phenomena, indicating that
water vapor has a common promotion effect on noble metal-
based catalysts for the transformation of DOM to formate.
Interestingly, some subtle differences can be found in the
HCHO transformation processes on Ir/TiO2 and Pt/TiO2

catalysts by comparing the details of the DRIFTS spectra.
Figure 2 shows that DOM species are dominant on the Ir/
TiO2 catalyst surface in a flow of HCHO + He. In contrast, as

shown in Figure 4, when Pt/TiO2 is exposed to HCHO + He
for 60 min, formate rather than DOM species are dominant on
the Pt/TiO2 surface. In addition, we also observe that the
peaks of HCOO species quickly decrease on the Pt/TiO2

catalyst after water vapor is introduced into the gas flow,
indicating that the formate species directly react with OH to
form CO2 and H2O on Pt/TiO2, which has already been
demonstrated in our previous studies.21

The above findings suggest that the types, concentrations,
and reactivity of surface OH groups are different among the
TiO2, Ir/TiO2, and Pt/TiO2 samples, and their capacities for
the activation of surface OH groups may be also different from
each other, therefore leading to different behaviors in HCHO
transformation. We next investigated the types and concen-
trations of OH groups on TiO2, Ir/TiO2, and Pt/TiO2 by
using in situ DRIFTS of NH3 adsorption since NH3 can react
with and then consume the surface OH groups during
adsorption.41 As shown in Figure S6, some negative peaks in
the range of 3600−3800 cm−1 appear due to the consumption

Figure 4. Dynamic changes of in situ DRIFTS of the Pt/TiO2 sample in a flow of (a) HCHO + He for 60 min, followed by (b) HCHO + He + O2
for 60 min, then (c) HCHO + He + O2 + H2O for 60 min, and finally by (d) He purging for 60 min. (e) Spectra at a steady state at room
temperature. Reaction conditions: 120 ppm HCHO, 20% O2, 35% RH, He balance, and a total flow rate of 100 cm3 min−1.
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of surface OH groups. The band at 3731 cm−1 is ascribed to
isolated terminal OH, and the bands at 3696, 3675, and 3631
cm−1 are ascribed to bridging OH.40,42 It is noted that the
types of OH groups on the three samples are similar; the
amount of surface OH on TiO2 is almost equal to that on Pt/
TiO2 but much higher than that on Ir/TiO2. The loading of Pt
and Ir on TiO2 will occupy a portion of the surface OH sites,
and the different concentrations of OH groups on Pt/TiO2 and
Ir/TiO2 should be related to their different capacities for
activating H2O. These results show that the types and
concentrations of OH groups are not the key factors inducing
their different behaviors in HCHO transformation. Hence, the
other two factors, the reactivity of OH groups and their
activation, may play the crucial roles in influencing HCHO
transformation, which was next investigated by DFT
calculations.
DFT Calculations. The pathways of HCHO trans-

formation on TiO2 were further determined using density
functional theory (DFT) calculations. As shown in Figure 5, an
HCHO molecule is first adsorbed on a surface OH group
(terminal or bridging), and then, the H atom of the surface
OH group transfers to an adjacent surface O or OH group,
leading to the formation of dioxymethylene species (CH2O2,
DOM). The formation of DOM on a terminal OH group
needs to overcome a barrier of 0.40 eV (Figure 5a). In
contrast, it is barrierless for the reaction between HCHO and a
surface bridging OH group (Figure 5b), on which HCHO
occupies a surface bridging OH group to produce DOM, and
the H atom in the bridging OH group bonds with an adjacent
terminal OH group, forming molecularly adsorbed H2O
(HCHO + b-OH → CH2O2). These results indicate that the
bridging OH group is much more reactive toward HCHO than
the terminal OH group; therefore, it is responsible for DOM
formation. These findings are in good agreement with the in
situ DRIFTS results shown in Figure 1, which demonstrate
that HCHO is transformed to adsorbed DOM on TiO2 mainly
by consuming surface bridging OH groups (3674 cm−1).
The DOM species is further oxidized via a dehydrogenation

process, resulting in the formation of formate (HCOO)
species. Three possible reaction pathways for the dehydrogen-
ation of DOM species were calculated, including the transfer of

an H atom to surface O species, surface OH, and another
adsorbed DOM molecule (Figure 6). The transfer of an H
atom from DOM to surface O species is calculated to be
endothermic by 0.64 eV with an extremely high energy barrier
of 1.95 eV (Figure 6a). The energy barrier of the dehydrogen-
ation of DOM with one H atom transferring to an adjacent
adsorbed DOM molecule to form an adsorbed CH3O species
is predicted to be 1.32 eV (Figure 6b). Therefore, these two
processes are prohibited under normal conditions. In contrast,
the energy barrier for the dehydrogenation of DOM assisted by
surface terminal OH is only 0.12 eV, much lower than
assistance by surface O species or another adsorbed DOM
molecule, and is easily surmountable at room temperature.
Moreover, this process is exothermic by 2.12 eV (Figure 6c).
Therefore, the dehydrogenation of DOM assisted by surface
terminal OH is both thermodynamically and kinetically
favorable, indicating that the formation of surface terminal
OH species is beneficial for the transformation of DOM into
formate (CH2O2 + t-OH → HCOO).
To understand the different behaviors of HCHO adsorption

on Ir/TiO2 and Pt/TiO2, we also calculated the pathways of
H2O dissociation on TiO2 and also on Ir- and Pt-loaded TiO2
(Figure S7 and Figure 7). On the pure TiO2 (101) surface
(Figure S7a), H2O dissociates into a terminal OH and bridging
OH with a 0.48 eV energy barrier, but the dissociated state is
obviously unstable. In contrast, a surface terminal OH tends to
react with a bridge OH to form molecularly adsorbed H2O
with only a 0.11 eV energy barrier (see the reverse process in
Figure S7a). These results indicate that the adsorption of
molecular H2O on TiO2 is favorable.

43 After loading with Ir
and Pt, there are two pathways for H2O dissociation on the
catalyst surface. One is H2O dissociation into a terminal OH
and a bridging OH on Ir/TiO2 and Pt/TiO2 with 0.49 and
0.41 eV energy barriers, but the energy of the dissociated state
is still much higher than that of the initial state (Figure S7b,c).
In the second pathway (Figure 7), H2O is dissociated into a
terminal OH with an H atom captured by Ir or Pt with 0.86
and 0.57 eV energy barriers, and the energy of the dissociated
state is almost identical to that of the initial state; therefore, the
second pathway is more favorable on Ir/TiO2 and Pt/TiO2.
These results show that the presence of Ir and Pt promote the

Figure 5. Energy profiles of the reaction pathway of DOM (CH2O2) formation: (a) HCHO adsorption on the terminal OH group; (b) HCHO
adsorption on the bridging OH group. Pink, red, cyan, and white circles denote Ti, O, C, and H atoms, respectively.
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dissociation of H2O into surface terminal OH groups on TiO2,
and Pt is more active than Ir for H2O activation.
Based on the above results, we can clearly understand the

different behaviors of HCHO transformation on TiO2, Ir/
TiO2, and Pt/TiO2. When HCHO adsorption takes place on
TiO2, HCHO consumes a bridging OH group to form DOM,
and then, the H atom of the bridging OH group transfers to an
adjacent terminal OH, producing molecularly adsorbed H2O.
Since pristine TiO2 is not efficient for H2O dissociation into
surface terminal OH, the DOM species cannot be further
transformed and therefore are dominant on the TiO2 surface.
When Ir is loaded on TiO2, H2O activation is promoted on Ir/
TiO2. Hence, the DOM species can further react with terminal
OH to form formate species in the presence of H2O on Ir/
TiO2. Since Pt is more efficient than Ir for H2O dissociation,
there should be more terminal OH groups available on the Pt/
TiO2 surface. Therefore, a large fraction of DOM is
transformed into formate on Pt/TiO2 during the HCHO

adsorption process, and the formate species can further react
with an OH group into final products in the presence of H2O.
On the Ir/TiO2 and Pt/TiO2, H2O tends to dissociate into a

terminal OH with an H atom captured by Ir or Pt. Hence, the
H poisoning on Ir or Pt may exist following H2O dissociation.
The H atoms on Ir or Pt may form H2, participate in the
activation of O2 in the presence of O2, or form protonated
H2O (H3O

+) in the presence of water vapor.9,44−46 We tested
the Pt/TiO2 in a flow of H2O or H2O + HCHO and analyzed
the products. There is no H2 detected, indicating that the H
atoms on Ir or Pt cannot form H2. We previously have
investigated the roles of O2 and H2O in ambient HCHO
oxidation on Ir/TiO2 and Pt/TiO2.

21,23 It is shown that both
of O2 and H2O are necessary for the reaction,47 which requires
the co-presence of O2 and H2O; otherwise, there will be no
activity. In the absence of H2O, since there is no source of
active surface OH groups for HCHO oxidation, the catalyst
shows no activity. In the absence of O2, the deactivation of the
catalyst may be due to the H atoms poisoning on Ir or Pt

Figure 6. Energy profiles of the reaction pathway of (a) CH2O2 + Ti-O → HCOO + Ti-OH, (b) CH2O2 + CH2O2 → HCOO + CH3O + (Ti)-O,
and (c) CH2O2 + Ti-OH → HCOO + Ti-H2O over anatase TiO2 surfaces as well as the optimized geometries of the reactant, transition state, and
product. Pink, red, cyan, and white circles denote Ti, O, C, and H atoms, respectively.
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during H2O dissociation. When O2 is present, it can consume
the H atoms and thereby avoid the H poisoning, facilitating the
continuous activation of H2O and keeping the reaction going
on.

■ CONCLUSIONS

In this work, we investigated the influence of O2 and H2O on
HCHO adsorption and transformation on TiO2, Ir/TiO2, and
Pt/TiO2 using in situ DRIFTS and DFT calculations. We
observe that the presence of H2O significantly improve the
DOM transformation into formate species on TiO2, and
loading noble metals such as Ir or Pt onto TiO2 dramatically
promotes the activation of H2O to form surface terminal OH
groups, therefore boosting the DOM transformation and even
further conversion. We reveal that the bridging OH groups are
involved in DOM formation, while the terminal OH groups are
responsible for transformation of DOM into formate species
and its further oxidation. The conversion of DOM into formate
catalyzed by surface terminal OH groups has proven to be a
facile pathway for DOM transformation. Our findings provide
the new insights into the mechanism of HCHO transformation
on metal oxide surfaces, which will definitely contribute to the
deep understanding of the mechanisms of HCHO-related
industrial catalytic reactions and also to the design of more
efficient catalysts for HCHO oxidation.
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