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The X-ray powder diffraction (XRD) patterns of the catalysts were obtained using 

a wide-angle X'Pert Pro XRD diffractometer (PANalytical B.V., Netherlands). The 

measurements were conducted with Cu Kα radiation (λ=1.5406 Å) at 40 kV and 40 

mA, with a scanning speed of 2 °/min. The diffraction patterns were collected in the 2θ 

range of 5° to 90°.

High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) was performed using a JEOL JEM-ARM2100F TEM equipped with 

a Cs-corrected probe. The instrument operated at 200 kV.

To characterize the specific surface area and pore properties of the catalysts, 

nitrogen (N2) physisorption was carried out at -196 oC using a Quantachrome 

Quadrasorb SI-MP analyzer. Prior to the physisorption measurement, the catalysts were 

degassed at 300 oC for 1 hour. The specific surface areas were calculated from the 

isotherms by applying the BET equation in the partial pressure range of 0.05-0.3. CO 

chemisorption was analyzed using a dynamic pulse method.1, 2

Electron spin-resonance spectroscopy (ESR) spectra were collected using a 

Benchtop Micro-ESRTM machine (Active Spectrum, Inc.) at a microwave frequency 

of 9.70 GHz and a temperature of 90 K. The ESR spectra were obtained without light 

irradiation.

HCHO oxidation, CO and NH3 in-situ adsorption DRIFTS spectra were collected 

on a Thermo Fisher IS 50 spectrometer equipped with an MCT detector at room 

temperature. The catalyst needs to be pre-reduced before testing with H2 at 350 oC for 

1 h, followed by purging with He for 30 min, and followed by cooling down to 25 oC. 



All spectra were measured at room temperature, with a resolution of 4 cm-1 and 

accumulation of 100 scans. 

X-ray photoelectron spectra (XPS) were measured by an X-ray source (ESCALAB 

250 Xi, Thermo Fisher Scientific, USA) equipped with Al Kα radiation (hν = 1486.6 

eV). The C 1s peak (284.8 eV) was used to calibrate the binding energy (BE) values.

The static water contact angle (CA) over laminated catalyst powders was 

determined on a contact angle meter (OCA 20, Dataphysics, Germany) in an 

environmental chamber saturated with water vapor under ambient conditions.

H2O-TPD was performed on a Micromeritics AutoChem II 2920 apparatus. 

Firstly, the catalysts were reduced in situ with 10 vol. % H2/Ar flow at 623 K for 1 h, 

then cooled down to 25 oC by purging with He. After that the system was switched to 

Loop, and performed 20 times water vapor pulse, then purged with He for 30 min. 

Subsequently, the carrier gas was switched to He for 20 min and the baseline was 

allowed to stabilize. Finally, the TCD signal in the temperature range 25-900 oC was 

recorded.

Activity test for HCHO oxidation

For HCHO activity evaluation, the inlet and outlet gases were monitored according 

to our previous work 3. In all the experiments, HCHO conversion was calculated using 

the following equation: 

𝐻𝐶𝐻𝑂 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛(%) = (1 ‒
[𝐻𝐶𝐻𝑂]𝑜𝑢𝑡

[𝐻𝐶𝐻𝑂]𝑖𝑛
) × 100%



The CO2 yield was defined as follows:

𝐶𝑂2 𝑌𝑖𝑒𝑙𝑑(%) =
[𝐶𝑂2]

[𝐻𝐶𝐻𝑂]𝑖𝑛
× 100%

where [HCHO]in and [HCHO]out are the inlet and outlet HCHO concentrations, 

respectively. [CO2] is the outlet CO2 concentration, where [HCHO]in and [HCHO]out 

are the inlet and outlet HCHO concentrations, respectively.

The turnover frequency (TOF) at 25 °C was determined based on a separate 

experiment conducted to maintain the apparent conversion of HCHO below 20 %. This 

was achieved by adjusting the inlet HCHO concentration and the weight hourly space 

velocity (WHSV), while ensuring negligible heat and mass-transfer effects. TOF can 

be calculated using the following equation:

𝑇𝑂𝐹 =
𝑛 '

𝐻𝐶𝐻𝑂

𝑛 '
𝑃𝑑

=
[𝐻𝐶𝐻𝑂]𝑖𝑛 × 𝛾 × 𝑉/𝑅𝑔

𝑚𝑐𝑎𝑡. × 𝜔𝑃𝑑 × 𝐷𝑃𝑑/𝑀𝑃𝑑

Where the parameters are the molar weight of consumed HCHO per second ( 

nHCHO, mol s-1 ), molar weight of Pd exposed on TiO2 surface ( nPd, mol ), initial inlet 

concentration of HCHO ( [HCHO]in, ppm ), total flow rate ( V, Ls-1 ), molar volume of 

gas at 25 oC and 101 kPa ( Rg, 24.5 L mol-1 ), weight of catalyst ( mcat., g ), loading 

percentage of Pd ( ωPd, % ), Pd dispersion ( DPd, % ) and molecular mass of Pd ( MPd, 

gmol-1 ), respectively.



Table S1 Comparison of the effect of water on the HCHO oxidation 

performance of different catalysts

HCHO conversion
Catalysts Reaction conditions

Without H2O With H2O
Ref.

Pd/TiO2
20 ppm HCHO, WHSV 

200,000 mL/(g·h), 30 oC.
39% 65% 4

Pd/TiO2-R
20 ppm HCHO, WHSV 
200,000 mL/(g·h), 30 oC

93% 100% 4

Pd/TiO2-H2
50 ppm HCHO, WHSV 
24,000 mL/(g·h), 30 oC

100% 
(RH<5%)

100% 5

Pt/Beta-Si
80 ppm HCHO, O2 20 
vol% WHSV=60,000 

mL/(g·h), 25 oC
80%

100%
(RH=90%)

6

Pt/SBT-400
100 ppm HCHO, O2 20 
vol% WHSV=60,000 

mL/(g·h), 25 oC
≈10% ≈50% 7

Rh/TiO2

140 ppm HCHO, O2 20 
vol% WHSV=30,000 

mL/(g·h), 40 oC
≈15%

100%
(RH≥50%)

8

Ir/TiO2

200 ppm HCHO, O2 20 
vol% GHSV=200,000 

h-1, 25 oC
0 30% 9

Na-Ir/TiO2

200 ppm HCHO, O2 20 
vol% GHSV=200,000 h-

1, 25 oC
0 80% 9

Pd/TiO2-450R
300 ppm HCHO, O2 20 

vol% GHSV=95,000 h-1, 
25 oC

20% 80% 10

Pt/TiNB-ac

400 ppm HCHO, O2 20 
vol% GHSV=95,000 h-1, 
25 oC, WHSV=60,000 

mL/(g·h), 20 oC

70% 90% 11

Pt/TiO2(A)R
24 ppm HCHO, O2 20 

vol% GHSV=60,000 h-1, 
25 oC

99% 100% 12

Pt/TiO2(B)R
24 ppm HCHO, O2 20 

vol% GHSV=60,000 h-1, 
25 oC

10% 100% 12

Pd/SiO2
150 ppm HCHO, O2 20 
vol% WHSV=600,000 

50.5% 0
This 
work



mL/(g·h), 25 oC

Na-Pd/SiO2

150 ppm HCHO, O2 20 
vol% WHSV=600,000 

mL/(g·h), 25 oC
100% 0

This 
work



Table S2. Specific surface area (BET) of SiO2, Na/SiO2, Pd/SiO2 and Na-Pd/SiO2 

catalysts, and Pd dispersion (Dco), Pd average particle size (dM) and TOF on Pd/SiO2 

and Na-Pd/SiO2 catalysts

Samples
SBET

(m3/g)

Dco
a

(%)

TOF×10-2 b

(s-1)

dM

(nm)

SiO2 210.6 - - -

Na/SiO2 176.5 - - -

Pd/SiO2 152.5 1.6 1.3 9.85

Na-Pd/SiO2 143.8 21.0 4.0 4.87

a Pd dispersion measured with CO pulse chemisorption.

b Turnover frequencies (TOF) calculated from Dco.



Fig. S1. CO2 yield rate over SiO2, Na/SiO2, Pd/SiO2, Na-Pd/SiO2 samples (a), long-

time test over Na-Pd/SiO2 catalyst (b). Reaction conditions: 25 oC, 150 ppm of HCHO, 

20% O2, He balance, and WHSV = 600,000 mL / (g h).



Fig. S2. Turn on and off the water experiment on Pd/SiO2 and Na-Pd/SiO2 catalysts.

Reaction conditions: 25 oC, 150 ppm of HCHO, 20% O2, (35% RH or 0), He balance, 

and WHSV = 600,000 mL / (g h).



Fig. S3. XRD patterns of SiO2, Na/SiO2, Pd/SiO2 and Na-Pd/SiO2 samples.



Fig. S4. STEM images and particle size distribution of Pd/SiO2 (a), Na-Pd/SiO2 (b) 

samples.



Fig. S5. CO in situ DRIFTs adsorption spectra on the SiO2, Na/SiO2, Pd/SiO2, Na-

Pd/SiO2 catalysts.

Thanks for your question. The test of in situ DRIFTs adsorption of CO was added 

and displayed in Fig. S5. There were no CO adsorption peaks observed on the SiO2 and 

Na/SiO2 samples, which means the adsorption of CO is mainly related to precious 

metals. For Pd/SiO2 and Na-Pd/SiO2 catalysts, three CO adsorption peaks, at 2083.3, 

1991.1-1984.1 and 1924.5 cm-1, were observed and which were ascribed to line 

adsorption, bridge adsorption at step site and bridge adsorption at terrace site 13, 14. 

Obviously, there were more linear adsorption on the Na-Pd/SiO2 catalyst, indicating 

that the precious metal particles are smaller. The result was consistent with TEM 

conclusions.



Fig. S6. XPS spectra of Pd 3d (a), O1s (b) on the SiO2, Na/SiO2, Pd/SiO2, Na-Pd/SiO2 

catalysts.

The XPS spectra of Pd and O elements were tested and displayed in Fig. S6. From 

Fig.S6 (a), two Pd species were observed on the Pd/SiO2 and Na-Pd/SiO2 catalysts. The 

peaks at 336.0 eV were assigned to Pd2+ species, while the peaks at 334.8 or 334.9 eV 

were ascribed to metallic Pd species 2, and the proportion of metallic Pd groups on the 

Pd/SiO2 and Na-Pd/SiO2 catalysts were 77.5% and 78.4% respectively. The results 

indicated that the Pd groups were similar on the two catalysts. From Fig. S6 (b), there 

were only one peak observed on the four samples. The peak at 532.6 eV was ascribed 

to lattice oxygen of SiO2 bulk phase 15. XPS tests demonstrated Pd and O species are 

similar on the two catalysts.



Fig. S7. ESR profiles of SiO2, Na/SiO2, Pd/SiO2 and Na-Pd/SiO2 catalysts.

Low temperature electron spin resonance (ESR) was then employed here to reveal 

the oxygen vacancy properties in the samples. The ESR spectra in Fig. S7 show that all 

of the four catalysts displayed a signal at g = 1.997, corresponding to typical signal 

from oxygen vacancy. More importantly, the signal intensity of oxygen vacancy 

increases along with the order of Na-Pd/SiO2 > Pd/SiO2 > Na/SiO2 ≈ SiO2. Surface 

oxygen consumption by overflow hydrogen species during catalyst reduction, so 

catalysts with higher Pd dispersion and more hydrogen overflow sites possessed more 

oxygen vacancies. The result of ESR was in line with the distribution test data of Pd 

species.



Fig. S8. CO-TPR profiles of SiO2 and Pd/SiO2 samples.



Fig. S9. NH3 in situ DRIFTs adsorption spectra on Pd/SiO2, Pd/SiO2-H2O, Na-

Pd/SiO2 and Na-Pd/SiO2-H2O samples. (The catalysts pretreated by RH 35% H2O at 

25 oC for 30 min were marked as Pd/SiO2-H2O and Na-Pd/SiO2-H2O catalysts)

The NH3 in situ DRIFTs adsorption test at 25 oC was carried out to investigate the 

ability of catalysts to active water at room temperature. From Fig. S9, the NH3 

consumption peaks at 3714.8 and 3545.7 cm-1 were ascribed to terminal OH and silanol 

nests, respectively 16. There were more OH groups on the catalysts after Na addition. 

However, compared to Pd/SiO2 and Na-Pd/SiO2 catalysts, the content of OH on the 

catalysts pretreated by H2O were similar, which also proved that the Pd/SiO2 and Na-

Pd/SiO2 catalysts have little ability to active water. 



 

Fig. S10. H2O-TPD (a) and contact angle (b) tests of SiO2 carriers.

H2O-TPD and contact angle tests were performed to explore the hydrophilicity of 

the SiO2 carrier. From Fig. S10a, H2O-TPD result shows that there are two H2O 

desorption peaks on SiO2 samples, respectively at 115.1 and 590.0 oC, which are 

attributed to the physical adsorption of water and the bulk phase hydroxyl group on the 

catalyst surface, respectively. From Fig. S10b, when a water droplet was brought into 

contact with the surface of SiO2 carrier, it delivered a contact angle of 37.4, indicating 

the hydrophilic nature of the support 17. The vector of SiO2 support was hydrophilic by 

combining both the characteristics.



Fig. S11. The in situ DRIFTS spectra over Pd/SiO2 and Na-Pd/SiO2 in a flow of 

HCHO for 30 min (1); followed by He purging for 30 min (2); and by O2 + He 

purging for 30 min (3); finally, by O2 + H2O + He purging for 30 min at room 

temperature (4). Reaction conditions: 150 ppm of HCHO, 20% O2, 35% RH, He 

balance, total flow rate of 100 mL / min.

Thanks for your question. The reaction mechanisms of HCHO oxidation on 

Pd/SiO2 and Na-Pd/SiO2 catalysts at room temperature were supplemented by in situ 

DRIFTS test. The spectra of the catalysts at steady state under different gas flows are 

shown in Fig. S11. Firstly, the catalyst was exposed to a flow of HCHO + He for 30 

min. With the consumption of surface hydroxyl species (3721.4-3732.6 cm-1 for ʋ 

(OH)), formate species (1596 cm-1 for ʋ (COO) and 2871.2, 2916.0 and 2992.5 cm-1 for 

ʋ (C-H)) appeared 2. Differently, on Pd/SiO2 catalysts, HCHO species was observed 

(1710.8 cm-1) 18, which means there were fewer reactive oxygen species on the surface 

of Pd/SiO2 catalyst. After HCHO adsorption saturation, the system was purged by He 

for 30 min and the bands of formate and HCHO were decreased slightly. When oxygen 

was introduced into the system, formate and HCHO species further decrease. This 

indicates that oxygen species are beneficial to formate degradation. Finally, water and 

oxygen were introduced into the system, hydroxyl groups (3400.0 and 1637.4 cm-1) 

appeared, meanwhile a band at 1307.8 cm-1 associated with water was also appeared. 

The experimental results showed that the intermediate products did not decrease with 

the addition of water, which was in consistent with the experimental results of catalyst 

activity. Differently from previous studies 19, hydroxyl groups are not involved in the 

catalytic reaction. Degradation mechanism of HCHO over Pd/SiO2 and Na-Pd/SiO2 



catalysts maybe followed the reaction paths:

[HCHO] + [O] → [HCOO] + [H] 

[HCOO] + [O] → CO2 + [OH]

[OH] + [H] → H2O



Fig. S12. STEM images and particle size distribution of regenerated samples 

(Pd/SiO2-regeneration (a), Na-Pd/SiO2-regeneration (b)).
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