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SUMMARY

Supported Pt catalyst has been intensively investigated for formaldehyde elimination owing to its

superior reactivity at room temperature (RT). However, the high Pt content is challenging because

of its high cost. Herein, we report PbO-supported Pt catalysts with only 0.1 wt%Pt, which can achieve

complete conversion of formaldehyde and reliable stability at RT under demanding conditions. Both

experiments and simulations demonstrate that PbO interacts strongly with the Pt species, resulting in

tight Pb-O-Pt bonding at themetal/support interface and concomitant activation of the surface lattice

oxygen of the support. Moreover, PbO exhibits an extremely high capacity of formaldehyde capture

through methylene glycol chemisorption rather than the common hydroxyl-associated adsorption,

presenting a different reaction mechanism because the active surface lattice oxygen in the vicinity

of Pt species offers improved reactivity. This work provides a valuable example for the design of an

efficient catalyst for formaldehyde and potentially oxidation of other carbohydrates.

INTRODUCTION

Indoor environments are crucial for us because most of our life is spent under the domes of home, work-

place, and vehicles. However, the indoor formaldehyde (FA, HCHO), a major pollutant among volatile

organic compounds and one of the group 1 human carcinogens released from modern building materials,

furniture, and consumables, poses a serious threat to our living quality and health (Yang et al., 2017). There-

fore, there is an urgent need to develop appropriate technologies for efficient HCHO removal. Room tem-

perature (RT) catalytic oxidation of HCHO to CO2 and H2O has been considered as the most promising

approach for the indoor HCHO elimination because of its continuous and facile operation. It also does

not require extra energy supply or auxiliary devices like physical adsorption and thermal/photo/electroca-

talytic oxidations (Peng and Wang, 2007; Zhang et al., 2005; Huang and Leung, 2011). Supported Pt cata-

lysts have been intensively investigated for the oxidation of HCHO because of their excellent activity even

at ambient temperature (Nie et al., 2016). To achieve complete conversion of HCHO at RT with an accept-

able efficiency, however, the Pt content in the catalyst normally has to be �1 wt % or even higher, which

prohibits the practical application of such catalysts because of the unaffordable noble metal cost (An

et al., 2011, 2013; Zhang et al., 2006, 2012b). Although catalysts based on nonpreciousmetals and/or oxides

are much cheaper, a significantly higher reaction temperature (�100�C) is required for obtaining high

HCHO reactivity, which is far away from the original intention of low-temperature HCHO elimination (Bai

et al., 2016). Therefore, it is desirable to reduce the precious metal content dramatically while maintaining

the good catalytic activity at ambient temperature.

In a composite catalyst, the support (normally inorganic oxides, MOx) and Pt species play different

individual roles in HCHO adsorption and oxygen activation and the overall performance of the catalyst

is determined by the synergy between support and active metal species. The Pt activity is mainly deter-

mined by its particle size and dispersion, which can be improved to some extent through elaborate control

of Pt nanoparticle formation (Qiao et al., 2011) or the doping of small alkali metals (Zhang et al., 2012b). On

the other hand, catalyst supports have been intensively investigated because they not only provide HCHO

adsorption sites but also affect the activity of Pt species. Since hydroxyl groups (-OH) on the support sur-

face can capture HCHO through H-bonding and also assist Pt dispersion in catalyst preparation, the basic

strategy for the support improvement is to increase the number of -OH by choosing supports with abun-

dant –OH, e.g., TiO2 (Zhang et al., 2006; An et al., 2011), NiO(Yang et al., 2017), SiO2 (An et al., 2013), and

AlOOH (Xu et al., 2015; Yan et al., 2016); enlarging the surface area with micro-/mesoporous structure (Nie

et al., 2013b; Qi et al., 2015, 2016); and post-treating the support with acids or bases to obtain higher hy-

droxyl density (Cui et al., 2017; Zhang et al., 2012b). More importantly, apart from HCHO adsorption and
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activation, a good catalyst support should further influence the nature of Pt, and thus its catalytic activity, by

affecting the formation, valence state, and dispersion of the Pt species on the support surface (Nie et al.,

2016; Zhang et al., 2006). With a strong interaction between support (MOx) and Pt, the Pt-Pt bonds are

weakened and the Pt species tend to form Pt-M or Pt-O-M bonds with the support surface (e.g., Fe2O3,

TiO2, and CeO2), leading to smaller particle size and better dispersion of Pt species (An et al., 2011; Yan

et al., 2016). However, current understanding of the role of support in HCHO oxidation is still inadequate

and thus the Pt loading rate is still too high. Maintaining high activity while significantly reducing the Pt

amount remains a formidable challenge.

Herein, we present Pt@PbO catalysts with only 0.1 wt % Pt, which exhibit complete conversion of HCHO

and reliable stability at RT at high HCHO concentration and space velocity. The role of PbO and the syn-

ergetic effect between Pt and PbO in the HCHO adsorption and conversion were investigated in detail via

both experimental analyses and computational simulations. PbO exhibits an extremely high capacity for

HCHO adsorption. In addition, PbO strongly interacts with the Pt species, resulting in smaller particle

size and uniform dispersion of Pt. Moreover, tight Pb-O-Pt bonding occurs at the interface between metal

and support, as proved by experimental measurements and density functional theory (DFT) computation,

which activates the surface lattice oxygen of PbO for the HCHO oxidation and stabilizes the state of Pt spe-

cies avoiding further oxidation in the reaction. When compared with Pt@Al2O3, in which the surface –OH

groups were involved in the HCHO adsorption and oxidation, the PbO-supported Pt catalysts exhibit a

different oxidation mechanism wherein the active surface lattice oxygen in the vicinity of Pt species is

responsible for the improved reactivity.
RESULTS

HCHO Oxidation Performance over PbO-Based Catalysts

HCHO oxidation was tested via the continuous flow method in a fixed-bed microreactor, as illustrated in

Figure S1. Figure 1A shows the temperature dependence of HCHO conversion (hFA) over catalysts

with x wt % Pt@oxide (x = 0, 0.05 and 0.1, oxide = PbO and/or Al2O3, denoted as xPt@oxide) at a

HCHO feed concentration of d = 500 ppm and a gaseous hourly space velocity (GHSV) of 120,000 hr-1.

Without Pt loading, both PbO and Al2O3 show no visible activity for the HCHO conversion in the range

of 25�C–60�C and very low HCHO conversion at 60�C–100�C.With an ultralow Pt loading on PbO, however,

the Pt@PbO catalysts exhibit remarkable activity for the HCHO conversion. In detail, 0.05Pt@PbO gives an

hFA of 72% at RT, which increases to 100% at T > 40�C, whereas an hFA of 100% was achieved for the

0.10Pt@PbO even at RT. By contrast, the hFA of 0.10Pt@Al2O3 was only 45% at RT and 100% conversion

cannot be realized until 100�C. As Al2O3 is a cheap and readily available catalyst support employed in in-

dustrial applications, the highly active Pt@PbO was also supported on commercial g-Al2O3 microspheres

as a three-component catalyst. Since the activity of Pt@Al2O3 for HCHO oxidation is relatively low, the

oxidation performance on Pt@PbO/Al2O3 mainly depends on the PbO content. Higher PbO content could

increase the coverage of PbO on Al2O3, leading to an increased activity. Complete conversion of HCHO

was realized on 0.10%Pt@20% PbO/80%Al2O3 (denoted as 0.10Pt@20PbO) with HCHO feed concentration

between 70 and 500 ppm (Figure S2), suggesting a good coverage of PbO on the Al2O3 microspheres. The

temperature dependence of HCHO conversion over Pt@PbO and Pt@Al2O3 catalysts was investigated at

very high GHSV (Figure S3). The apparent activation energy of HCHO oxidation over 0.10Pt@100PbO is

21 kJ mol�1, much lower than that of 0.10Pt@100Al2O3 (33 kJ mol�1), which further evidences that

HCHO is easier oxidized on Pt@PbO.

Figure 1B shows the GHSV effects on HCHO conversion at RT over the catalysts 0.10Pt@100PbO

and 0.10Pt@20PbO. Both catalysts exhibited complete HCHO conversion in the GHSV range of

10,000–210,000 hr�1, and more than 93% and 70% conversion were maintained at a higher GHSV of

240,000 and 300,000 hr�1, respectively. The complete HCHO conversion at high GHSV further implies

the excellent activity of Pt@PbO, which would determine the HCHO removal efficiency of this kind of cata-

lyst even under demanding conditions. At the same time, these PbO-based catalysts have good stability as

shown in the long-term isothermal tests (Figure 1C). The hFA on both catalysts remained nearly 100% during

the 100-hr reaction test at feed conditions of 200 ppmHCHOand 120,000 hr�1 at RT. In comparison, the hFA

on 0.10Pt@Al2O3 slightly decreased from 60% to 44% under the same conditions (Figure S4). The oxidation

performances of the PbO-based catalysts are compared with the literature results, as shown in Figure 1D

and Table S1. The HCHO feed rates, i.e., d * GHSV (ppm h-1), over the 0.10Pt@100PbO catalysts are nearly

two orders of magnitude higher than those of the reported catalysts with 0.1–0.3 wt % Pt (Peng and Wang,
488 iScience 9, 487–501, November 30, 2018



Figure 1. HCHO Oxidation Performance Over Supported Pt Catalysts

(A) Temperature dependence of HCHO conversion (hFA) over the catalysts (d = 500 ppm, GHSV=120,000 hr-1, and RH

�50%); (B) effects of GHSV on hFA over PbO-based catalysts (d =200 ppm, RH �50% at RT); (C) the stability of the PbO-

based catalysts with d = 200 ppm and GHSV=120,000 hr-1 at RT; (D) comparison of the oxidation performance of Pt@PbO

catalysts with literature results (the hFA of all examples are 100% at RT). See also Figures S1–S4 and Table S1.
2007; Zhang et al., 2005, 2006, 2012a) and they are also comparable or even higher than those of the liter-

ature results for 1 to 3 wt % Pt catalysts (Peng and Wang, 2007; Zhang et al., 2005, 2006, 2012a). It suggests

that our catalysts with ultralow Pt possess excellent HCHO oxidation activity even under challenging reac-

tion conditions. Since the main difference between our catalysts and the reported ones is the support, it is

crucial to understand the impact of PbO on the catalyst properties and the HCHO oxidation reaction. This

was thoroughly studied with experimental and simulation methods as described in the following

paragraphs.
Morphology and Structure of PbO-Based Catalysts

The transmission electron microscopic (TEM) image shows that the Pt particles are agglomerated to

�30 nm for 0.10Pt@100Al2O3 (Figure 2A), whereas the Pt particle is much smaller with �3 nm for

0.10Pt@100PbO (Figure 2B). Although the weak contrast between Pb and Pt makes their distinction some-

what difficult, the spherical-aberration-corrected TEM image suggests that many Pt species exist as single

atom in 0.10Pt@100PbO (Figures 2C and S5), which will be further supported by the spectroscopic mea-

surements below. CO chemisorption further confirms that 0.10Pt@100PbO has the smallest Pt particles

and highest Pt dispersion (Figure 2D). The microstructure analysis demonstrates that uniform dispersion

of Pt species with small particle size can be realized easily on the PbO surface. It has been reported that

the metal was strongly dispersed and the activity of the catalyst was increased if the affinity between the
iScience 9, 487–501, November 30, 2018 489



Figure 2. Morphology of Supported Pt Catalysts

(A–H) TEM images of (A) 0.10Pt@100Al2O3 and (B) 0.10Pt@100PbO; the spherical-aberration-corrected TEM image of (C) 0.10 Pt@100PbO (the single Pt

atoms were marked); (D) Pt particles size evaluated by TEM and CO chemisorption; Scanning electron microscopic image of 0.10Pt@20PbO mono-

microsphere (E) and the corresponding EDS elemental mapping of Al (F), Pb (G) and Pt (H). See also Figures S5–S7 and Table S2.
metal and the support was strong (Ivanova et al., 2010). Therefore, this suggests that the interaction be-

tween Pt and PbO may play an important role in the Pt dispersion.

Figure 2E shows a mono-microsphere of Pt@PbO/Al2O3 with a diameter of �40 mm. The uniform distri-

bution of Pb reveals that the Al2O3 support was well covered by the PbO outer layer (Figures 2F and 2G).

The element Pt also exhibits a high dispersion with significantly lower signal intensity due to its low

loading (Figure 2H). Several techniques were employed to determine the elemental composition and

Pt distribution of these catalysts. The precious metal contents of the bulk catalysts, 0.11 wt % for

PbO-based catalysts and 0.14 wt % for the Al2O3-supported catalyst, were confirmed by X-ray fluores-

cence and inductively coupled plasma atomic emission spectrometry, which is close to the target value

of 0.10 wt % (Table S2). The Pt content in the sub- and near-surface zones determined by energy-disper-

sive spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS), respectively, was noticeably higher,

e.g., 0.21 wt % from EDS (Figure S6) and 1.91 wt % from XPS, because Pt was dispersed mainly on the

catalyst surface.

The catalyst structure was determined by X-ray diffraction (XRD) (Figure S7). For 0.10Pt@100Al2O3, the

broad peaks are ascribed to the cubic g-Al2O3 phase (JCPDS 02-1421). In comparison, the strong peaks

of 0.10Pt@100PbO are assigned to the tetragonal (JCPDS 05-0561) and orthorhombic PbO phases (JCPDS

38-1477). In the case of 0.10Pt@PbO/Al2O3, the signals of both oxide supports can be identified. No peaks

from Pt species were visible due to the ultralow Pt content and/or highly uniform Pt dispersion, in line with

the results from TEM and CO chemisorption. The surface area of 0.10Pt@20PbO, ca. 136 m2 g�1, is remark-

ably higher than that of 0.10Pt@100PbO, ca.12 m2 g�1, owing to the larger surface area of the Al2O3 micro-

spheres, i.e.,186 m2 g�1 (Table S2).

Interactions between HCHO and Supports

The main function of support is HCHO adsorption for further oxidation (Xu et al., 2015; Yan et al., 2016).

Since the catalysts with different supports, Al2O3 and PbO, exhibited enormous differences in the activity

for HCHO oxidation, the interactions between the supports and HCHO were studied by Fourier transform

infrared (FTIR) spectroscopy before and after HCHO adsorption (Figure 3A). The band at 3,447 cm�1

(stretching vibration of –OH) of the untreated Al2O3 suggests the presence of hydroxyl groups on Al2O3,
490 iScience 9, 487–501, November 30, 2018



Figure 3. Formaldehyde Adsorption Capacity on Supports

(A–D) (A) FTIR spectra of Al2O3, PbO, and PbO/Al2O3 with/without HCHO adsorption; TG-mass spectrometry of (B) Al2O3

and (C) PbO after HCHO adsorption; (D) XRD patterns of PbO and 0.1Pt@100PbO with HCHO adsorption. See also

Figures S8–S10.
which became stronger in the spectrum of the Al2O3 sample treated with aqueous HCHO solution due to

water adsorption (Zhang et al., 2018; Yang et al., 2018; Qi et al., 2017). In addition, the weak bands at

1,622 cm�1 and 1,340–1386 cm�1 are ascribed to the stretching vibration of -C=O and the bending vibra-

tion of CH, respectively, indicating weak HCHO adsorption on Al2O3 (Zhang et al., 2006). The untreated

PbO shows a clean spectrum without visible bands. After the treatment of HCHO, the broad band centered

at ca. 3,300 cm�1 indicated the adsorption of water. Several bands at 1,296, 1,338, and 1,389 cm�1 could be

ascribed to the bending vibrations of CH (Nie et al., 2013a; Zhang et al., 2006), whereas those at 2,819,

2,771, and 2,732 cm�1 could be assigned to the stretching vibrations of CH (Huang and Leung, 2011;

Kim et al., 2011). Compared with typical CH bands (1,350, 1,465, 2,853, and 2926 cm�1), the red-shifted

bands in PbO suggest that CH groups were attached to electron-donating groups (Zou et al., 2014). The

intense signal at 1,583 cm�1 corresponding to COO proved the strong adsorption of HCHO on PbO sur-

face (Zou et al., 2014). Similar to PbO, the spectrum of PbO/Al2O3 with intense bands of CH, COO, and OH

confirms the strong interactions between HCHO and PbO.

The adsorption capacity of HCHO on PbO and Al2O3 was measured by thermogravimetry (TG) coupled

with mass spectroscopy. The weight loss of HCHO-treated Al2O3 is ca. 7% at 700�C, and no signals of

HCHO or its derivatives were detected (Figure 3B). It reveals that very little HCHO was bonded by

Al2O3, in line with the FTIR results. In comparison, as shown in Figure 3C, the weight loss of HCHO-

treated PbO is much higher than that of Al2O3, reaching 19.5% at 700�C. With increasing temperature

a small amount of desorbed HCHO and its dehydrogenated intermediate CHO were detected at
iScience 9, 487–501, November 30, 2018 491



190�C, whereas intense signals of the deep oxidation products of HCHO, i.e., CO and CO2, appeared at

265�C and 320�C, respectively. Similar weight loss and mass signals were obtained for the PbO/Al2O3

sample (Figure S8). This suggests that substantial amounts of HCHO were firmly trapped by PbO.

Thus the strong interaction between HCHO and PbO leads to a slow desorption of HCHO from PbO

even at a high temperature.

As the observed strong interaction between HCHO and PbO, the effect of HCHO on the structure/state of

PbO was further measured by XRD. The XRD pattern of HCHO-treated PbO shows a crystalline structure

different from that of the untreated PbO, which could be assigned to PbCH2O2 (Zou et al., 2014) (Fig-

ure 3D). It has been reported that methylene glycol, which could be quickly formed via the hydration

of HCHO, reacted with PbO to form ring-like PbCH2O2 (Zou et al., 2014). The XRD results indicate the

chemical adsorption of HCHO on PbO. In the catalytic oxidation of HCHO, however, this reaction would

deactivate the catalyst if it could not be cycled between PbCH2O2 and PbO. Interestingly, no signals of

PbCH2O2 were found in the XRD pattern of the HCHO-treated Pt@PbO sample. Instead, the intermedi-

ates of HCHO oxidation, i.e., (PbO)3-(CO2)2-(H2O) and PbO-CO2, were detected (Figure 3D), which could

easily revert to PbO through the desorption of CO2 and/or H2O. It suggests that the adsorbed HCHO on

PbO could be rapidly consumed with the help of highly active Pt species so that the stable HCHO-ad-

sorbed state of PbCH2O2 could be successfully avoided. Thus, the support remains unchanged before

and after HCHO oxidation.

It is generally accepted that the density of -OH on the support of HCHO oxidation catalysts is a crucial

factor for obtaining high catalytic performance. Surface -OH are involved in HCHO fixation through

H-bonding and the dehydrogenation of intermediate HCOO* to form H2O and CO2 in the oxidation. In

addition, they also assist Pt dispersion during the catalyst preparation (An et al., 2011; Yang et al., 2017;

Xu et al., 2015; Yan et al., 2016; Nie et al., 2013b; Qi et al., 2015, 2016; Cui et al., 2017; Zhang et al.,

2012b). However, the detected HCHO-PbO interactions demonstrate that PbO, lacking in surface -OH,

possesses a much higher HCHO capture capacity than the support with more abundant -OH, suggesting

a totally different way of HCHO capture. As PbO-supported Pt catalysts are highly active in HCHO conver-

sion, it can be expected that the reaction process/mechanism over the PbO-based catalysts is also different

from that on the common supported Pt catalysts.

The interactions between the end products (H2O and CO2) and the supports were also investigated.

The CO2 adsorption capacity of supports was evaluated by TG in CO2. The adsorption of CO2 for Al2O3

(1wt %) is much higher than that of PbO (�0.01wt %) under the same conditions (Figure S9). The water

contact angle (WCA) tests show that PbO is hydrophobic (WCA = 106�), whereas Al2O3 is hydrophilic

(WCA = 25�), as shown in Figure S10. It means that the generated CO2 and H2O in the HCHO oxidation

does much more easily desorb from PbO than Al2O3, which is beneficial to the decomposition of the inter-

mediates and thus also proves the superiority of PbO in the HCHO oxidation.
Interactions between Support and Pt Species

The reducibility of these Pt catalysts was studied by temperature-programmed reduction with H2, as shown

in Figure 4A. The reduction peak of PtOx appeared at 182�C for Pt@Al2O3 and up-shifted to 233�C and

286�C for Pt@PbO/Al2O3 and Pt@PbO, respectively. It is reasonable that the strong interaction between

Pt and PbO contribute to the higher PtOx reduction temperature, in line with the tightly interacting

metal/support catalysts (Xu et al., 2014). In addition, the profiles of PbO-based samples also show different

reduction properties in the higher-temperature region. The pure PbO displays an intense reduction peak at

630�C with a shoulder peak at 420�C. The former is attributed to the reduction of lattice oxygen of PbO

and/or the transformation of PbOx (x > 1) formed during sample pre-oxidation treatment, whereas the

latter is assigned to the reduction of surface lattice oxygen of PbO (Nie et al., 2017). The two peaks of

Pt@PbO down-shift to 565�C and 395�C, respectively. Apart from the effects of crystal size of PbO on

the reduction temperature, it indicates that the strong interaction between Pt and PbO weakened the

Pb-O bonds and thus lowered the reduction temperature of PbO (Zhu et al., 2017). Therefore, the corre-

sponding reduction peaks of Pt@PbO/Al2O3 further decreased to 425�C and 270�C due to the increased

ratio of Pt to PbO. It is consistent with previous reports that concluded that the intimate contact between

metal and support facilitated the reducibility of the support at low temperatures (Xu et al., 2014; An et al.,

2011). In contrast, Pt@Al2O3 shows a weak reduction peak at 315�C, which is attributed to the reduction of

surface hydroxyl (Yan et al., 2016).
492 iScience 9, 487–501, November 30, 2018



Figure 4. Chemical Properties of PbO-Based Catalysts

(A) Temperature-programmed reduction with H2 profiles, (B) XPS core-level Pt4d5/2 band of catalysts; XPS core level (C) Pb4f7/2 and (D) O1s of pure PbO and

PbO supported 0.10% and 1.0% Pt catalysts; (E) Pt LIII edge XAFS spectra of the 0.10 Pt@yPbO/(1-y)Al2O3 (y = 0%, 5%, 10%, 20%, 50%, and 100%) catalysts;

simulation of (F) 3D top view and (G) 2D differential charge density along the topmost atomic layer for the adsorption of a single Pt atom on the Pb (100)

surface. The maximum charge density between the Pt-O bonds is about three times higher than that between the Pt-Pb bonds. See also Figures S11–S17.
The near-surface electronic states of the catalysts were examined by XPS. For the samples with different

amounts of PbO, in general, the center core-level Pt 4d5/2 binding energies (BEs) up-shifted in the order

of Pt@100Al2O3, Pt@20PbO/80Al2O3, and Pt@100PbO (Figure 4B). In detail, the deconvolution of the Pt

4d5/2 signal gives two peaks at 314.6 and 317.2 eV, which can be attributed to Pt0 and Pt2+, respectively

(Yang et al., 2017; Xu et al., 2015). The ratio of Pt2+ to the total Pt significantly increased from 7% for

Pt@100Al2O3 to 30% for Pt@20PbO and further to 38% for Pt@100PbO. The evidently lower oxidation of

surface Pt on Al2O3 reveals that the electron exchange/transfer and the interaction between Pt and

Al2O3 is weak. In contrast, the highly enhanced Pt2+ signals in both PbO-based samples indicate that

the electrons moved from Pt to PbO, resulting in a strong binding-like interaction between them. In addi-

tion, more Pt2+ species were formed on the pure PbO than on the PbO/Al2O3, further supporting the effect

of PbO on the oxidation of Pt. On the other hand, it seems reasonable to explain the different oxidation

degree of Pt by the size effect of metallic nanoparticle oxidation, because the smaller metallic nanopar-

ticles possess larger relative surface area and higher surface energy and they are much easier to oxidize

than bigger ones (Zhang et al., 2012b). However, the corresponding core-level Pb4f7/2 bands of the cata-

lysts simultaneously down-shifted from 138.3 eV for Pt@20PbO to 137.6 eV for Pt@100PbO (Figure S11),

suggesting that Pb atoms in the latter sample were more positively charged. In combination with the Pt

XPS shift, this variation of Pb BE confirms that the presence of oxidized Pt2+ should be attributed to the

interaction of Pt and PbO rather than particle size effect.

The Pb electron structure was investigated by adjusting the Pt loading on PbO from 0 to 1.0 wt %, as

shown in Figure 4C. In general, the center core-level Pb 4f7/2 BE down-shifted with the increase of Pt
iScience 9, 487–501, November 30, 2018 493



loading, indicating an enhanced electron migration of Pb atoms. In detail, the core-level Pb 4f7/2 band of

these samples consists of two peaks at 138.2 eV (Pb2+) and 137.5 eV (Pb4+) (De Keersmaecker et al.,

2014). The contribution of Pb4+ increased from 25% for pure PbO to 44% in 0.10Pt@100PbO and further

to 50% in 1.0Pt@100PbO. It reveals that more Pb atoms at the interface of Pt/PbO lost electrons with the

increasing Pt loading, in line with the Pt-PbO interaction observed above. It is worth emphasizing that

the presence of Pb4+ does not contradict the PbO (Pb2+) structure determined by XRD (Figure S7) since

the XPS only provides the near-surface information of samples. Conversely, it suggests that Pb4+ only

exists at the Pt-PbO interface and is induced by their electron exchange. For the Al2O3-supported cat-

alysts, in comparison, the Pt loading has no visible effect on the electron structure of Al, in which the BE

of Al2p stays fixed at 74.4 eV for the catalysts with 0%–1.0% Pt due to the weak interaction between Pt

and Al2O3 (Figure S12). In addition, the XPS measurements show that both Pt and Pb atoms are electron

donors, suggesting that oxygen becomes the electron acceptor to keep charge balance. Around the

interface of PtOx and PbOy, therefore, it is reasonable to assume that each Pt atom connects with Pb

through two -O- bonds, whereas each Pb atom is surrounded by four -O- bridges, forming Pt2+ and

Pb4+ valence species (Figure S13). These interface oxygen atoms are in an active state, which can easily

react with reagents in the oxidation.

The electronic density of oxygen in the corresponding samples was measured by O1s XPS (Figure 4D). The

PbO-based samples with 0–1.0 wt % Pt show twin O1s XPS peaks, which can be deconvoluted into three

peaks at 528.9 eV (surface lattice oxygen, OS-L), 530.9 eV (surface oxygen of –OH, O2� and CO3
2�, OS),

and 532.4 eV (adsorbed of water or organics) (Yang et al., 2017; Xu et al., 2015; Ge and Yan, 2018). In

contrast, the O1s XPS of the Al2O3-supported sample only shows a single peak centered at 531.4 eV,

combining the lattice O, –OH, and water peaks at 530.6, 531.5, and 532.5 eV, respectively. This behavior

in the region of lattice oxygen is very different when compared with the PbO-based samples (Figures

S14 and S15). According to the catalytic performance, the active OS-L of PbO should be responsible for

the differences in the reactivity. Compared with the pure PbO sample, in detail, the percentage of OS-L

almost doubled when 0.1% Pt was loaded on PbO, increasing from 14% to 26%. The OS-L fraction further

increased to 31% for 1.0Pt@100PbO. This reveals that a significant number of OS-L of PbO was activated

near the Pt species, as schematically depicted in Figure S13. In other words, the different number of lattice

oxygen atoms between PbO and Pt@100PbO suggests that the increased OS-L predominantly originates

from the interactions of O with Pt rather than O with Pb. With the aforementioned Pt-PbO interface struc-

ture, it is plausible that the dissociated O0 around the Pt sites were activated with accepting electrons from

Pt and Pb atoms and then involved in the formation of Pt-PbO interface species.

The Pt species on the catalysts were further analyzed by extended X-ray absorption fine structure (EXAFS) mea-

surements at RT. Figure 4E shows the Pt-LIII edgeX-ray adsorption spectra of the Pt foil, PtO2, and the supported

Pt. With the oxidation of Pt to PtO2, the edge energy shifted to higher level by 3.2 eV. Pt@100Al2O3 exhibits

similar edgeenergy to the Pt foil owing to little oxidation of Pt (Newville, 2001; Ravel andNewville, 2005). In com-

parison, the edge energies of PbO-based samples up-shift with the increase of PbO content, resulting in DE =

2.1 eV between Pt@100Al2O3 and Pt@100PbO. This clearly depicts that the oxidation degree of the Pt depends

on the PbO content, in line with the XPS results. The curve fitted k3-weighted EXAFS oscillations of the Pt-LIII
ledges alongwith the corresponding transformations intoR space, and the as-measured k3 LIII-weighted EXAFS

oscillations are presented in Figures S16 and S17 and the fitting parameters are summarized in Table 1. As refer-

ence samples for Pt species in metallic and oxidized states, the Pt foil displays a single Pt-Pt coordination state

with a coordination number (CN) of 12, whereas the PtO2 sample yields only Pt-O (CN= 6.2) and Pt-O-Pt (CN =

3.4) coordination without Pt-Pt coordination shell (Table 1). For Pt@100Al2O3, only Pt-Pt coordination (CN = 10)

was detected, confirming that Pt species exist as Pt0 and without noticeable interaction with the support. By

contrast, the addition of PbO to the catalyst clearly decreased the Pt-Pt bond fraction but increased the Pt-O

shell fraction. Although the detected Pt bonding states on catalysts with low PbO content (5%–15%) are still

Pt-Pt, the Pt-Pt CNs slightly decreased with the increase of PbO. On further increasing PbO to 20% and

more, the samples showed both Pt-Pt and Pt-O/Pt-O-Pt coordination shells. Thus the PbO addition weakens

the Pt-Pt bonds. Moreover, the Pt-O CNs in Pt@20PbO and Pt@100PbO were 2.6 and 3.6, respectively, which

are much lower than the CN (6.2) in PtO2. It demonstrates that a small amount of Pt, i.e., the near-surface Pt

atoms, was oxidized by the Pt-PbO interaction. Since it has been reported that partially oxidized Pt nanopar-

ticles exhibit high activity for the oxidation of small molecules, e.g., CO (Nie et al., 2017), it is reasonable that

the partially oxidized Pt sites located on the interface between the support and metal are responsible for the

high activity for HCHO oxidation at RT.
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Samples Shell CN R(Å) DW(10�3 Å) R Factor

Pt foil Pt-Pta 12.0 2.76 4.68 0.013

PtO2 Pt-Ob 6.2 2.01 3.46 0.030

Pt-O-Ptc 3.4 3.10 3.46

Pt@100%Al2O3 Pt-Pt 10.0 2.75 6.03

Pt@5%PbO Pt-Pt 10.0 2.75 5.90 0.030

Pt@10%PbO Pt-Pt 8.4 2.75 4.46 0.010

Pt@15%PbO Pt-Pt 8.0 2.77 5.10 0.008

Pt@20%PbO Pt-Pt 3.1 2.71 2.98 0.040

Pt-O 2.6 1.97 2.98

Pt-O-Pt 2.7 3.06 2.98

Pt@100%PbO Pt-Pt 2.4 2.72 2.98 0.004

Pt-O 3.6 2.01 2.98

Pt-O-Pt 1.1 3.10 12.38

Table 1. Fitting Parameters of the Curve-Fitted k3 Analysis of Supported 0.1% Pt Catalysts

CN, coordination number; R, bond length; DW, Debye-Waller factor.
aPt-Pt is the coordination shell in Pt metal.
bThe first coordination shell in PtO2.
cThe second coordination shell in PtO2.
The EXAFS results also show a reasonable relationship between Pt-Pt CN and Pt particle size. The

smaller particle size of Pt corresponds to the smaller Pt-Pt CN (Zhang et al., 2012b). The high CN value

(10) reflects the large size of metallic Pt on Al2O3, which is consistent with morphology observations.

The smaller Pt-Pt CNs in Pt@100PbO samples (from 10 to 2.4) suggest that metallic Pt particles are

significantly smaller and well dispersed, and may even have existed as single atom, which corroborates

the TEM observations.

The effects of the PbO and Al2O3 on the Pt species were also investigated with simulations. Using the hy-

droxylated Al2O3 (110) surface as the support for the Pt13 cluster, the total binding energy of the cluster to

the support was predicted to be only�2.52 eV, and the support was found to have little effect on the struc-

ture of the Pt13 cluster. This is also reflected by the slightly more negative average binding energy between

the Pt atoms in the Pt13 cluster with the support (�4.00 eV) than that in the isolated Pt13 cluster (�3.81 eV).

The average binding energy between the Pt atoms with the Al2O3 support was previously calculated to be

�3.97 eV, and the metal-support interaction in Pt13/Al2O3 was considered to be rather weak (Hu et al.,

2010). With the PbO (100) surface as the support, the total binding energy between the Pt13 cluster and

the support was calculated to be much more negative at �6.21 eV, leading to considerably more negative

average binding energy of �4.38 eV between the Pt atoms in the cluster and strong metal-support inter-

action. The strong interaction between the Pt13 cluster and the PbO (100) surface leads to the formation

of strong chemical bonds between Pt and surface oxygen atoms. This can be seen from the calculated

charge density difference when a single Pt atomwas adsorbed on the PbO (100) surface as shown in Figures

4F and 4G, where the adsorbed Pt atom was predicted to form a strong chemical bond with a surface O

atom and a somewhat weak chemical bond with a surface Pb atom.
The Role of Catalyst Support in HCHO Oxidation

To gain insight into the details of HCHO oxidation over the Pt-supported catalysts, the adsorption/disso-

ciation of HCHO on the catalysts was investigated by simulations (Digne et al., 2002; Digne et al., 2012). We

studied the molecular adsorption process of HCHO on the isolated Pt13 cluster, as well as the Pt (111), PbO

(100), and Al2O3 (110) slab surfaces (Kresse and Furthm Ller, 1996; Pe, 1994; Perdew et al., 1996). Their po-

tential energy surfaces are shown in Figure 5 with additional structures given in Figure S18 and the
iScience 9, 487–501, November 30, 2018 495



Figure 5. Simulation of HCHO Adsorption on Various Samples

(A) Potential energy surfaces for HCHO adsorption on the isolated and PbO (100)-supported Pt13 cluster, Pt (111), PbO

(100), and Al2O3 (110) slab surfaces. The structures of the non-dissociative adsorption (HCHO*), transition state (TS), and

dissociative adsorption (CHO* + H*) of HCHO on (B) PbO (100), (C) Pt13, (D) Pt (111), (E) Pt13/PbO(100), and (F) Al2O3(110).

HCHO was predicted to not dissociate on the hydroxylated Al2O3 (110) surface. See also Figure S18.
energetics listed in Table 2. On the PbO (100) slab surface, themolecular adsorption of HCHO is very strong

with an adsorption energy of �1.32 eV. The molecularly adsorbed HCHO forms chemical bonds with the

acid-base Pb-O pair site, resulting in the �OCH2O� species attached to two Pb sites. However, further
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System Eads (eV) Ea (eV) Edis (eV)

PbO(100) �1.32 1.32 +0.97

Al2O3(110) �0.55 – –

Pt13 �1.25 0.34 �0.89

Pt(111) �0.37 0.21 �0.65

Pt13/PbO(100) �0.98 0.36 �1.28

Pt13/Al2O3(110) �1.24 0.39 �0.94

Table 2. Calculated HCHO Non-dissociative Adsorption Energies (Eads), Dissociation Energy Barriers (Ea), and

Dissociative Adsorption Energies (Edis) on the Different Catalyst Models
dissociation of HCHO* on this support surface was predicted to be both thermodynamically and kinetically

unfavorable due to the high endothermicity (0.97 eV) and energy barrier (1.32 eV). These findings are

consistent with our experimental observations that a large amount of HCHO is adsorbed on the PbO sup-

port without further oxidation. The Al2O3 (110) support adsorbs HCHO much weaker with an adsorption

energy of only �0.55 eV mostly due to hydrogen bonding interaction. In addition, the adsorbed HCHO*

was predicted not to further dissociate.

For the isolated Pt13 cluster, HCHOwas predicted to strongly adsorb at the Pt-Pt bridge site, resulting in an

adsorption energy of �1.25 eV, which is only slightly less negative than that on the PbO (100) support. In

contrast to the PbO (100) support, further dissociation of the adsorbed HCHO* species is both thermody-

namically and kinetically favorable with a very exothermic dissociation energy of �0.89 eV and a very low

energy barrier of 0.34 eV. So the Pt13 cluster was predicted to be very reactive for HCHO dissociation. In

comparison, on the Pt (111) surface, although the energy barrier for the dissociation of the adsorbed

HCHO* was also predicted to be very low at 0.21 eV, HCHO non-dissociative adsorption is much weaker

with an adsorption energy of only �0.37 eV, and the dissociation energy of the adsorbed HCHO* is also

much less exothermic at �0.65 eV. Thus HCHO adsorption and dissociation is much less favorable on

the Pt (111) surface. This can be attributed to the higher CN of the Pt atom on the Pt (111) surface than

that on the Pt13 cluster.

The potential energy surfaces for HCHO adsorption and dissociation on the Pt13/PbO (100) surface as

the catalyst model for the Pt@PbO is compared with that on the Pt (111) surface, which is considered

as the catalyst model for the Pt@Al2O3 catalyst, as our experiment shows much larger Pt particles on

the Al2O3 support (Table 2). Compared with the Pt (111) surface, HCHO adsorption at the interface

between the Pt13 cluster and the PbO (100) support is much stronger with an adsorption energy of

�0.98 eV. Further dissociation of the adsorbed HCHO* was predicted to be more exothermic at

�1.28 eV with a low energy barrier of 0.36 eV on the Pt13/PbO (100) surface, compared with those

of �0.65 and 0.21 eV on the Pt (111) surface. Therefore HCHO adsorption and dissociation on Pt13/

PbO (100) were predicted to be much more favorable thermodynamically with a slightly higher energy

barrier. The strong metal-support interaction between Pt and PbO help to stabilize the Pt species, as

the average binding energy between the Pt atoms in the Pt13/PbO (100) catalyst was calculated to be

considerably greater than that in the isolated Pt13 cluster. Thus, it suggests HCHO adsorption and

dissociation to be more favorable on the Pt supported by PbO than on that supported by Al2O3,

consistent with our experimental observations.

The HCHO oxidation on these catalysts was investigated by in situ diffuse reflectance infrared spectros-

copy (DRIFTS) at RT. In DRIFTS measurements, the catalyst samples were swept with HCHO + He, He,

and O2 flows in sequence at an interval of 20 min. The DRIFTS profiles of Pt@PbO in different atmosphere

were shown in Figure 6A. At high wave number, only broad bands of adsorbed water centered at ca.

3,400 cm�1 were observed without signals of –OH, proving the non-hydroxyl-associated HCHO adsorption.

The bands at 2,835–2,945 cm�1 and 2,754 cm�1 are attributed to n(CH) from HCHO and HCOO* (Huang

and Leung, 2011; Kim et al., 2011), respectively, whereas the signals at 1,650 cm�1 and 1,560/1,420 cm�1

are individually assigned to n(C=O) of the intermediate carbonates and nas(COO�)/ns(COO�) of formate

species (Nie et al., 2013a; Zhang et al., 2006). In contrast, the DRIFTS of Pt@Al2O3 reveals different features
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Figure 6. HCHO Catalytic Oxidation Process Measured by In Situ DRIFTS

infrared spectra of (A) 0.10Pt@100Al2O3, (B) 0.10Pt@100PbO, and (C) 0.10Pt@20PbO with He-HCHO, He and air flows in

sequence at room temperature, and (D) illustration of HCHO oxidation mechanism over Pt@PbO interface.
(Figure 6B). There are strong inverted peaks at 3,750 cm�1, which are attributed to the consumption of –OH

during the HCHO adsorption (Abbasi et al., 2011). The weak bands of v(CH) around 2,750–2,950 cm�1 prove

the low HCHO adsorption. Except for the intense signals of –OH groups originating from Al2O3, in general,

the DRIFTS spectra of Pt@PbO/Al2O3 are similar to those of Pt@PbO, in line with the reaction performance

tests (Figure 6C).

The HCHO oxidation proceeds through HCHO adsorption, oxidation to HCOOH and then carbonates, fol-

lowed by CO2/H2O desorption (Zhang et al., 2012b). With HCHO + He, an intense signal of carbonates

(1,650 cm�1) arose for the samples of 0.10Pt@100PbO and 0.10Pt@20PbO at the beginning (i.e., 1 min)

and then slightly increased with time (Figures 6A and 6C). At the same time, the bands of formate spe-

cies (1,560/1,420 cm�1) were very weak in the first 5 min and then markedly enhanced after 20 min in

HCHO + He. It reveals that the preliminarily activated HCHO (i.e., formate species) was rapidly converted

to carbonates, suggesting that the following decomposition of carbonates to CO2 and H2O is the rate con-

trol step in the initial stage. More importantly, the observations of intermediates reveal that the catalyst

provides active oxygen species for the oxidation of HCHO in the absence of oxygen molecules. With

the consumption of catalyst oxygen, the conversion of formate species to carbonates was limited, and

thus the intensity of formate (1,560/1,420 cm�1) increased. With He purging, the signals of carbonates re-

mained and the bands of formate species were further enhanced because the conversion of adsorbed
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HCHO to HCOO* slowed down with the decline of activated oxygen. With an air flow, the peak of carbon-

ates slightly increased, suggesting that a small amount of formate species was further oxidized with the

addition of oxygen. However, the intensities of formate species were still high, instead of converting to

the end product in the presence of oxygen. This indicates that the formate species were located far

from the Pt active sites where the activated oxygen could be replenished. Therefore, it is plausible that

the adsorbed HCHO close to the Pt-PbO interface was fast converted into carbonates and/or CO2/H2O,

whereas adsorbed HCHO far from the interface sites stayed on the PbO surface without further conversion

due to the lack of active oxygen nearby. On the other hand, for the Pt@100Al2O3 sample, the characteristic

signals of intermediate formate species and carbonates at 1,620, 1,540, and 1405 cm�1 remained almost

unchanged from the beginning of measurement. It suggests that the oxidation activity of the catalyst is

relatively weak at RT and the fed oxygen is hard to transfer for the decomposition of the intermediates.

The HCHO oxidation over Al2O3-supported Pt follows a Langmuir-Hinshelwood mechanism (Bai et al.,

2016), where the adsorbed HCHO has an inhibiting effect on Pt0 reactivity due to competitive adsorption

between HCHO andO2. By contrast, over Pt@PbO catalysts, HCHOwas captured and activated on PbO (in

the vicinity of Pt), and the competitive adsorption between O2 and HCHO on the metal sites is suppressed.

It was also confirmed by the above DFT results.

Combining the experimental and computational results, the oxidation ofHCHOover the PbO-supportedPt cat-

alysts can be featured as HCHO hydration and chemisorption (Step 1), followed by an activated oxygen attack

(Step 2), the intermediate dehydrogenation (Step 3), and the activated oxygen replenishment (Step 4) as illus-

trated in Figure 6D. Due to the absence of surface -OH on PbO, the HCHO adsorption on the PbO-based cata-

lyst is characterized by a different HCHO capture mechanism when compared with most existing HCHO oxida-

tion catalysts, whereHCHO is capturedby –OH through hydrogenbonding. For the PbO-based catalyst, HCHO

molecules were first transformed to methylene glycol by thermodynamically favorable hydration. Then the hy-

dratedHCHOcanbe adsorbed easily on the PbOsurface to forma stable four-member ringby forming two new

bonds (i.e., Pb-O through interaction ofC-O- andPbO, andC-Obetween –C and PbO) andbreaking twobonds

of C-OH and O-H. The oxygen atoms at the interface of Pt and PbO are in an active state owing to the strong

interaction between metal and support. Therefore, the carbon atom and hydrogen atom, i.e., the positive

charge sites of the adsorbed species, can be easily attacked by the active interface oxygen, causing the forma-

tion of a new C-O bond and hydrogen transfer to an active oxygen through CO-H broken. In succession, the

formate species is further dehydrogenated through the interaction between the newly formed –OH and C-H

to form carbonate species while releasing a H2Omolecule. The consumed activated oxygen atoms are then re-

plenished by the oxygen molecule activation on the Pt sites.
DISCUSSION

The HCHO oxidation catalysts with extremely low Pt content but high activity at low temperature have been

obtained by using PbO as support. The resultant catalysts enable complete conversion of HCHO and reliable

stability at RT under demanding HCHO feed conditions. Both experimental analyses and computational sim-

ulations demonstrate that the presence of a small amount of PbO significantly affects the metal/support inter-

face electronic structure of the catalyst, the HCHO adsorption capacity, and the HCHO oxidation mechanism.

PbO exhibits an extremely high capacity for HCHO adsorption through methylene glycol chemisorption. In

addition, PbO interacts strongly with the Pt species during the catalyst preparation, resulting in smaller particle

size and uniform dispersion of Pt. Moreover, strong PbO interaction with the deposited Pt species results in

tight Pb-O-Pt bonding at the interface of metal and support, which activates the surface lattice oxygen of

PbO for the HCHOoxidation and stabilizes the state of Pt species by avoiding further oxidation in the reaction.

When compared with Pt@Al2O3, where the surface –OH groups are involved in the HCHO adsorption and

oxidation, the PbO-supported Pt catalysts exhibit a different oxidationmechanism in that the active surface lat-

tice oxygen in the vicinity of Pt species offers improved reactivity. Our findings resolve the vital role of catalyst

support on the reactivity and provide a valuable example for the design of an efficient catalyst for HCHO and

even other low-carbon carbohydrate oxidation processes.
Limitations of the Study

The catalyst support lead oxide is moderately toxic.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Schematic of HCHO oxidation over solid catalysts. Related to Figure 1.



 

Figure S2. Effects of formaldehyde concentration (δFA) on the conversion (FA) on catalysts with 

various PbO contents (room temperature). Related to Figure 1. 



 

 

Figure S3. Temperature dependence of HCHO oxidation rate R over 0.1Pt@PbO and 

0.1Pt@Al2O3 catalysts (500 ppm, RH ca. 50%). Related to Figure 1. 



 

 

Figure S4. The stability of the 0.1Pt@Al2O3 catalyst with δ = 200 ppm and GHSV = 120,000 h-1 at 

RT. Related to Figure 1. 



 

Figure S5. The spherical aberration corrected TEM image of 0.10 Pt@100PbO (the single Pt 

atoms and PbO were marked). Related to Figure 2. 

 



 
Figure S6. The elemental mapping of the 0.1Pt@20PbO catalyst from EDS equipped on TEM. (A) 

TEM image, elemental mapping of (B) aluminum, (C) lead and (D) platinum. Related to Figure 2. 



 

 

Figure S7. XRD patterns of the 0.1 Pt@x% PbO/ Al2O3 (x = 0, 20 and 100) catalysts. Related to 

Figure 2. 



  

Figure S8. TGA-MS profile of 20PbO/80Al2O3 sample before and after HCHO adsorption. 

Related to Figure 3. 



 

 

Figure S9. CO2 desorption from (A) Al2O3 and (B) PbO. Related to Figure 3.



 

Figure S10. Static water contact angle on (A) Pt@Al2O3 and (B) Pt@PbO. Related to Figure 3. 

 

 

 



 

Figure S11. XPS Pb4f7/2 spectra of 1.0 Pt@ 20PbO/80Al2O3 and 1.0Pt@PbO catalysts. Related to 

Figure 4. 



 

 

Figure S12. XPS Al2p analysis of Al2O3 and 0.10Pt@Al2O3, 1.0Pt@Al2O3 catalysts. Related to 

Figure 4.



 

Figure S13. Schematic of the interface structure of Pt on the PbO support. Related to Figure 4. 



 

Figure S14. XPS O1s of 1.0% Pt supported on supports with different PbO percentages (0-100%). 

Related to Figure 4. 



 

 

 

Figure S15. XPS O1s of 0.1% Pt supported on supports with different PbO percentage (0-100%). 

Related to Figure 4. 



 

Figure S16. Pt LIII EXAFS results of Fourier transformation of filtered k3·(k) in the k range of 0-

6 Å-1. Related to Figure 4 and Table 1. 



 

 

Figure S17. Pt LIII edge XANES spectra of the 0.1% Pt@x%PbO/Al2O3 (x = 0, 5, 10, 15, 20 and 

100) catalysts. Related to Figure 4 and Table 1. 



(c)

(d)

(a)

(b)

 
Figure S18. Top (a) and side (b) views of the PbO support exposing the (100) facet; and top (c) 

and side (d) views of the hydroxylated Al2O3 support exposing the (110) surface. Related to 

Figure 5 and Table 2. 



Table S1. Comparison of the HCHO oxidation performance on the PbO based catalysts with the 

reported results. Related to Figure 1. 

Catalysts Pt (wt.%) T (oC) δ (ppm) 

Test method 

Ref Dynamic Static 

GHSV (h-1)  (%) T  (min)  (%) 

Pt/ZnO/TiO2 0.2 30 50 30 000 100 

/ 

(Chen et al., 2016)a 

Pt/ZSM-5 0.4 RT 50 30 000 100 (Chen et al., 2015)a 

Pt/TiO2 0.6 90 100 30 000 100 (Peng and Wang, 2007)b

Pt/ZrO2-K 0.9 RT 100 60 000 100 (Yang et al., 2017)b 

Pt/MnO2-Na 1 45 200 30 000 100 (Chen et al., 2014)b 

Pt/SiO2 1 RT 300 30 000 100 (An et al., 2013b)b 

Pt/Fe2O3 1 RT 500 30 000 100 (An et al., 2013a)b 

Pt/TiO2 1 RT 36 120 000 90 (Kim et al., 2011)c 

Pt/TiO2 1 RT 100 30 000 90 (Wang et al., 2007)b 

Pt/TiO2 1 RT 100 50 000 100 (Zhang et al., 2006)b 

Pt/TiO2 1 RT 100 50 000 100 (Zhang et al., 2005)b 

Pt/Fe2O3 1 RT 200 30 000 100 (Wang and Li, 2011)b 

Pt/OMS 1 100 500 30 000 100 (Wang and Li, 2009)b 

Pt/TiO2-ac 1 40 400 60 000 100 (Cui et al., 2017)b 

Pt/TiO2 1 RT 600 120 000 100 (Zhang et al., 2012)c 

Pt/FeOx-Al2O3 2 RT 400 60 000 100 (Cui et al., 2015)b 

Pt/MnOx–CeO2 3 RT 100 30 000 100 (Tang et al., 2008)b 

Pt/Mg–Al 0.2 RT 200 

/ 

60 35 (Ye et al., 2016)c 

Pt/Al2O3 0.4 RT 180 60 86 (Nie et al., 2013a)c 

Pt/NiO 0.5 RT 200 60 87 (Qi et al., 2015)c 

Pt/TiO2 0.5 RT 260 60 100 (Qi et al., 2016)c 

Pt/TiO2 0.8 RT 150 60 75 (Nie et al., 2017)c 

Pt/ Co3O4 0.8 RT 210 60 85 (Yan et al., 2017)b 

Pt/AlOOH 0.8 RT 139 50 58 (Xu et al., 2015)c 

Pt/CeO2 1 RT 230 50 91 (Yan et al., 2016)c 

Pt/Fh 1 RT 300 50 91 (Yan et al., 2015)c 

Na- Pt/TiO2 1 RT 105 10 80 (Nie et al., 2013b)c 

Pt catalysts 1 RT 100 120 62 (Colussi et al., 2015)c 

Pt@PbO/Al2O3 0.1 RT 500 120 000 100 
/ 

This work a 

Pt@PbO 0.1 RT 500 120 000 100 This work a 

a,The concentrations of productions and reactants were detected by phenol spectro-photometric method; 

b, The concentrations of productions and reactants were detected by gas chromatograph; c, The 

concentrations of productions and reactants were detected by FTIR; d, The concentrations of 

productions and reactants were detected by HCHO monitor.



Table S2. Physical properties of the supported Pt catalysts. Related to Figure 2. 

Catalysts 
SArea 

a 
(m2/g)  

D b 
(nm) 

V c 
(cm3/g) 

Pt particle size (nm) Pt concentration (wt.%) 

CO Chemisorption 
TEMf XRF ICP EDS@SEM XPS 

Dco (nm)d Ptdis (%)e 

0.1% Pt@20% 
PbO 

136.4 10.8 0.37 4.8 23.5 5 0.12 0.09 0.21 1.53 

0.1%Pt@PbO 12.3 20.8 0.06 1.7 59.5 3 0.11 0.11 0.25 2.22 
0.1%Pt@Al2O3 185.7 10.2 0.48 16.5 6.9 26 0.15 0.14 0.16 1.97 

a, The BET surface area of catalysts; b, Average pore width of BJH; c, pore volume; d, Average Pt 
particle size and dispersion calculated by CO chemisorption assuming that the metal particle to be 
hemisphere; e, Pt apparent dispersion; f Particle size determined by TEM. 
 



Transparent Methods 

Catalyst synthesis 

The catalysts were prepared by a Pt colloid deposition method. In a typical preparation, an ethylene 

glycol solution of H2PtCl6 (0.260 g Pt L-1) was adjusted to 10 < pH < 12 with NaOH and then stirred 

for 30 min at 130 oC in Ar to obtain the Pt colloidal solution. The lead hydroxide precipitate was 

prepared using lead nitrate (7.5g) and NaOH solution (1mol L-1) and then mixed with the Pt colloid 

solution (0.165, 0.33 and 3.3 mL for different Pt loadings) at 80 oC for 4 h. For the Pt@PbO/Al2O3 

synthesis, the Al2O3 microspheres were added to the Pt colloid solution together with lead hydroxide. 

The solid product was isolated and washed thoroughly with distilled water. Finally, the product was 

dried at 100 °C for 12 h and calcined at 280 °C for 2 h in air. 

HCHO catalytic oxidation  

The HCHO oxidation over the packed catalyst (100 mg) was carried out in a tubular fixed-bed quartz 

reactor under atmospheric pressure (Figure S1). The HCHO feedstock (70-500 ppm) is generated by 

passing a stream of pure air through an HCHO solution at 25 oC. The gas hourly space velocity (GHSV) 

was controlled in the range of 10,000 and 300,000 h-1 by adjusting the flux of air. The HCHO 

concentration was controlled by using HCHO aqueous solutions with various contents (0.4-35 wt % 

HCHO). The relative humidity of the feedstock was measured by a psychrometer. The reaction 

temperature was set in the range between RT (23 ± 3 oC) and 100 oC by a programmable temperature 

controller. The HCHO concentration in the reactant or product gas stream was analysed by the phenol 

spectrophotometric method.(Rong et al., 2017) In a typical experiment, the feedstock or tail gas was 

absorbed in a phenol reagent 3-methyl-2-benzothialinone (MBTH) (5 mL, 0.1 wt.%) solution for 10 

min. Then the ammonium ferric sulfate solution (0.4 mL, 0.1 wt.%) was added into the solution and the 

mixture was kept 40 min in a closed vial. Finally, the HCHO concentration of the adsorbing solution  (x, 

mg m-3) was determined by UV-vis spectroscopy (Shimadzu UV2700). The gaseous HCHO 

concentration at the reactor inlet and outlet (δi, mg m-3) was calculated by the equation (1). 

δi = x*V/ (v*t)                                                      (1) 

Where V is the volume of the absorbing liquid (m3), v is the flow rate of inlet gas (m3 min-1) and t is the 

absorption time (min). The HCHO conversion (FA, %) was calculated based on its concentration 

change, as expressed in equation (2).  

FA = (1-δoutlet/ δinlet )* 100%                                (2) 

Computational Methods  

The PbO support was modeled by a slab of four atomic layers exposing the (100) facet with a p (3×3) 

supercell as shown in Figure S18a and b. The γ-Al2O3 support was also modeled by a slab of four 



atomic layers exposing the hydroxylated (110) facet with a p (2×2) supercell as shown in Figure S18c 

and d, which was predicted to be thermodynamically the most stable at the relatively low temperature 

of 180 C.(Digne et al., 2012, Digne et al., 2002) The Pt nanoparticle was modeled by a Pt13 cluster as 

described by Hu et al (Hu et al., 2010) using simulated annealing at 2000 K as shown in Figure 5. For 

comparison, the bulk Pt catalyst was modeled by a slab of four atomic layers exposing the (111) facet 

with a p (3×3) supercell. The DFT calculations were performed with the Vienna ab initio simulation 

program (VASP) (Kresse and Furthmüller, 1996) using the Perdew–Burke–Ernzerhof 

(PBE) exchange–correlation functional.(Perdew et al., 1996) Electron-ion interactions were described 

by the projector-augmented wave (PAW) method.(PE, 1994) Spin polarization and dipole correction 

were applied. The plane wave energy cutoff was set to 400 eV. The Brillouin zone was sampled with 

the (2×1×1) grid for the PbO (100)-based slab models, at the Γ point for the Al2O3(110)-based slab 

models, and with the (3×3×1) grid for the Pt(111) slab model. Atoms at the bottom two atomic layers 

were fixed at their bulk positions, whereas those at the top two atomic layers along with the supported 

Pt13 cluster and the adsorbates were fully relaxed during the ionic relaxation with the force and total 

energy convergences of 0.03 eV/Å and 10−4 eV, respectively. The climbing image nudged elastic band 

(CI-NEB) method was employed to locate the transition state. The thickness of the vacuum layer was 

set to 15 Å. For calculations of the isolated Pt13 cluster and the adsorbate (i.e. HCHO), a cubic box of 

(15 Å × 15 Å × 15 Å) was employed with the Brillouin zone sampled at the Γ point. The total binding 

energy of the Pt13 cluster on the support S (Eb,Pt13/S) can be calculated as EPt13/S – EPt13 – ES, where EPt13 

is the energy of the isolated Pt13 cluster, and EPt13/S and ES are the energies of the support with and 

without the Pt13 cluster. The average binding energy between the Pt atoms in the Pt13 cluster (Eb,avg,Pt13) 

can be calculated from (EPt13 – 13 * EPt) / 13, where EPt is the energy of the isolated Pt atom. The 

average binding energy between the Pt atoms in the supported Pt13 cluster on S (Eb,avg,Pt13/S) can be 

calculated as (EPt13/S – 13 * EPt – ES) / 13. The above total and average binding energies are correlated 

by Eb,Pt13/S = 13* Eb,avg,Pt13/S – Eb,avg,Pt13. The adsorption energy (Eads) of an adsorbate A on the catalyst 

model C can be calculated from Eads = EA/C – EA – EC, where EA is the energy of the isolated adsorbate, 

and EA/C and EC are the energies of the catalyst model with and without the adsorbate. For the 

dissociation of the adsorbate A on the catalyst C, the energy barrier (Ea) and the dissociation energy 

(Edis) can be calculated as ETS – EA/C and EFS – EA/C, respectively, where ETS and EFS are the energies of 

the transition state (TS) and the final state (FS, i.e. the dissociative adsorption state). 

Characterizations 

The crystal structure of catalysts were determined by XRD (Rigaku Ultima IV) using Cu K radiation 

(= 0.15406 nm, 40 kV, 40 mA). The morphology of the catalysts was characterized by a transmission 



electron microscopy (TEM, JEM-2100, 200 kV), a spherical aberration corrected TEM (JEM-

ARM300F) and scanning electron microscopy (SEM, Zeiss SUPRA 55 SAPPHIRE, 2-20 kV). The 

near-surface chemical state and elemental composition of the catalysts were analyzed by X-ray 

photoelectron spectroscopy (XPS, K-Alpha, Al Kα radiation). The subsurface elemental distribution of 

catalysts were measured by energy dispersive spectrometers (EDS, Oxford Instrument) attached to 

TEM and SEM. The elemental composition of the bulk catalysts was measured with X-ray 

fluorescence (XRF) spectroscopy (Rigaku ZSX Primus II) and inductively coupled plasma atomic 

emission spectrometry (ICP-AES, PerkinElmer Optima 8000). The surface areas of the samples were 

derived from N2 sorption measurements carried out on an automatic micropore physisorption analyzer 

(TriStar II 3020), using the multipoint Brunauer-Emmet-Teller (BET) analysis method. Thermal 

degradation measurements were performed in air using a thermogravimetric analyzer with an mass 

spectrometer (TGA-MS, NETZSCH, STA 449F3). The chemical information of samples before and 

after HCHO adsorption were measured by Fourier transform infrared (FTIR) spectroscopy (Shimadzu 

IRAffinity-1). In situ diffuse reflectance infrared Fourier transform spectra (DRIFTS) of catalysts in 

simulated reactant atmosphere were recorded in with a Thermo Fisher 6700 instrument. The metal 

dispersion and Pt particle size of the catalysts was measured by CO pulse chemisorption (AutoChem II 

2920, Micrometrics) using a pulse injection method at RT. A Micromeritics AutoChem II 2920 

apparatus, equipped with a thermal conductivity detector (TCD) was used for H2 temperature-

programmed reduction (H2-TPR) analysis. The water contact angle was measured by a contact angle 

tester (OCA20, Dataphysics). Pt L3-edge X-ray absorption spectra (XAFS) were performed on 

BL14W1 beam-line at the Shanghai Synchrotron Radiation Facility (SSRF). The beam-line was 

operated with a Si (111) double crystal mono-chromator and an uncoated glass mirror to reduce the 

higher harmonics component of the monochromatic beam. During the measurement, the synchrotron 

radiation ring was operating at 3.5 GeV and the current was maintained at 260 mA with a top-up mode. 

A Pt foil and PtO2 powder were measured as reference samples in fluorescence mode by 32-element Ge 

detector. The powder sample was pressed into a self-supporting disk and then sealed with Kapton tape 

for the XAFS measurement. To obtain a better signal-to-noise ratio, filters were used to reduce the 

fluorescence of Pt in addition to extending the integration time. We used the IFEFFIT software package 

to calibrate the energy scale, to correct the background signal and to normalize the intensity. Structural 

parameters were obtained by fitting the measured spectra in R space using the FEFF6L program.(Ravel 

and Newville, 2005, Newville, 2001)  
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