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Abstract: Despite the excellent catalytic properties of individual nanoparticles and atomic clusters, 

the current capabilities to assemble them into a complex system are insufficient for many practical 

applications. An objective of this work is to develop a fabrication technology that allows for the 

simultaneous control of the nanoparticle surface chemistry, elemental distribution, microscale ge-

ometry, and large-scale assembly. Using a cellulose structure derived from wood, we fabricated 

hierarchical porous cellulose scaffolds combined with cerium-doped TiO2. This hybrid material 

served as the support for atomically dispersed Pt catalysts and was used to successfully decompose 

ethylene at zero degrees Celsius. The fabrication concept developed in this work would allow mit-

igating the conflict between the required large active surfaces and the difficulties in handling na-

nopowders in environmental catalysis, including food preservation and indoor air purification. We 

thus discovered a promising route to manufacture multifunctional materials with complex struc-

tures by combining a controllable chemical synthesis with the nature-designed wood scaffold. 
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Ethylene (C2H4) is a natural ripening hormone of plants.1 A small amount of ethylene can ac-

celerate the deterioration of fresh products such as fruits and vegetables. Therefore, it is important 

to develop atmosphere-controlling technologies that can extend the postharvest life of fresh food 

shipped over long distances.2 Among the existing strategies applied for ethylene elimination, cata-

lytic oxidation of ethylene to carbon dioxide and water is considered to be a promising route.3 In 

this view, heterogeneous photocatalysis has attracted the interest of researchers.3, 4 Bhattacharyya 

et al. used vanadium-doped titania as a photocatalyst for gas-phase oxidation of ethylene, which 

exhibited better performance than nano-titania. Their study demonstrated that ethylene decompo-

sition occurred via the formation of ethoxy groups, which subsequently transformed to acetalde-

hyde or enolates, then to acetates/formate, and finally, to CO2.5 The vanadium-doping enhanced 

the catalytic activity by forming more chemisorbed hydroxyl species which might have increased 

the average coverage and residence time of intermediates for further oxidation.6 

Besides the fundamental understanding of how to improve the turnover frequency of the active 

sites, the rational design of a nanostructured substrate with higher specific surface area and porosity, 

which is beneficial to mass transport, is of equal importance. For this reason, C3N4 was used as a 

template for the synthesis of oxygen-deficient, porous TiO2 nanosheets with Pt decoration. A su-

perior photocatalytic performance for ethylene oxidation was obtained thanks to the textural fea-

tures of Pt-TiO2 nanosheets, including their narrower bandgap and mesoporous structure.7 How-

ever, the decomposition of ethylene without a light source is important because most foods are 

stored in closed and dark spaces. Metal oxide-supported noble metal nanoparticles are state-of-the-

art catalysts for the complete and direct oxidation of trace ethylene.8, 9  Mesoporous Au/Co3O4 

catalysts, synthesized by a casting approach, can achieve a conversion of 76 % of the ethylene at 

0 °C due to the fact that surface-active oxygen species were produced easily by the active sites of 

nanogold on the porous structure of Co3O4.10  In spite of this significant improvement, a great effort 

is still demanded to reach a complete decomposition of trace (50 ppm) ethylene at 0 ºC. Fukuoka’s 

group reported that the catalyst prepared by supporting Pt nanoparticles on mesoporous silica 

MCM-41 had a 99.8% conversion of 50 ppm ethylene at 0 °C.11 However, the Pt utilization still 

needs to be improved. A recent study showed that the CeO2 support enhanced the catalytic rate of 

the metal catalyst due to the influence of the lattice oxygen and oxygen storage capacity of CeO2.12 

The previous research indicates a catalyst design that would: 1) have suitable doping in the metal 

oxide support to facilitate the spontaneous back spillover of O2-; 2) increase the dispersion of the 

noble metal for a higher utilization efficiency as well as higher activity. 
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In addition to the improvement of the catalyst activity, there is an increasing interest in the 

development of material manufacturing processes to integrate nanostructures in bulk systems for 

practical applications in indoor air cleaning. The main concern for the application of nano- or mi-

crometer size catalysts in powder form is that they become a source of pollution once released in 

the air. Therefore, in order to trap the nanoparticles, honeycomb ceramics were used as a support 

for Pt nanoparticles for formaldehyde decomposition.13 In the case of the photocatalytic oxidation 

of ethylene, glass rings are to date the most investigated type of support.14, 15 The drawback of these 

technologies is the limited specific surface area and the low porosity, which results in poor mass 

transport and interaction with the active species. Moreover, the fabrication process is energy con-

suming (high-temperature calcination). Although we have seen significant advancements in artifi-

cial materials fabrication in the past decades, current technologies are still not capable of producing 

complex materials with as many integrated functions as those found in nature.  

The distinctive qualities of the elegant and complex architectures of natural structures have been 

a continuous source of fascination and inspiration for scientists and engineers, as they possess a 

perfect control over the structure, texture, and the functionalization at different scales.16-18 Dong et 

al. used cedar and bamboo as templates to fabricate self-standing zeolitic tissue that inherits the 

hierarchical cellular structure of the plant tissues at various hierarchical levels. The wood-templated 

hierarchically porous zeolites offer possibilities of application in catalysis.19, 20 Wood is mainly 

composed of elongated cells that are oriented in the longitudinal direction with an empty lumen in 

the microscale range.21 The individual cells are connected through pits. At the ultrastructural level 

of wood, the cell walls consist of cellulose, hemicellulose, and lignin. Cellulose microfibril aggre-

gates, which are ~20 nm wide, bind together to form a skeleton, which, surrounded by hemicellu-

loses and lignin, acts as a matrix.22 The hemicelluloses and lignin can be selectively dissolved in 

strong acid or basic solvents in a so-called delignification process.23 Hierarchical porous cellulose 

scaffolds can be generated via delignification.24 We propose to use wood cellulose scaffolds to 

control the sub-nano Pt cluster assemblies at high concentrations, without undermining their initial 

functionality and providing the sufficient mechanical integrity for their handling.25-27 
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Results and discussion 

Hierarchically porous wood cellulose and TiO2/Ce xerogel hybrid materials (WTi) were prepared 

by combining a controllable chemical synthesis with the natural wood scaffolds. As schematically 

illustrated in Figure 1, the protocol starts with delignification to obtain a cellulose scaffold which 

retains the microscale structure and orientation of the wood cellulose fiber, while creating na-

noscale porosity in the wood cell wall.23, 28 The cellulose scaffold was dehydrated via solvent ex-

change with isopropanol. The condensation of titanium oxide xerogel with cerium doping (TiO2/Ce 

xerogel) was adapted from previous work.29 According to the precursors’ proportion for the prep-

aration of TiO2/Ce xerogel, the atomic ratio of Ti to Ce was calculated to be 220:1. In the presence 

of the wood cellulose scaffold, the xerogel formed a coating on the surface of cellulose microfibril 

as the isopropanol evaporated. STEM imaging shows that the freestanding xerogel removed from 

WTi had the morphology of nanosheets (Figure S4), implying that the TiO2/Ce xerogel coats of the 

cellulose microfibrils surface act as a thin film. According to Thermogravimetric analysis (TGA) 

measurement (Figure S5), the wood cellulose scaffold has a weight loss of about ~ 100% in the 

end, while WTi has a weight loss of ~ 65.4%. TiO2/Ce only has phase change instead of decompo-

sition during the heating up to 800 ºC. Therefore, the weight ratio between cellulose and TiO2/Ce 

xerogel of WTi is 64.4:35.6. The TGA analysis also indicates that the wood cellulose scaffold starts 

to decompose at a temperature higher than 250 ºC. 

Figure 1. Schematic illustration of the fabrication of atomically dispersed Pt on WTi. The fabrication pro-

cess includes delignification, condensation of TiO2/Ce xerogel, loading of platinum precursor and thermal 

decomposition. 

Tetraammineplatinum(II) nitrate (Pt(NH3)4(NO3)2, TAPN)was used as the precursor of Pt, which 

anchored to the surface of TiO2/Ce xerogel after the WTi was soaked in the aqueous solution of 
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TAPN. The zeta potential of WTi fiber dispersed in water is -20.3±3.6 eV, which indicates that the surface 

of WTi in water is negatively charged. Therefore, the cationic Pt complex [Pt(NH3)4]2+ was anchored to the 

WTi substrate by electrostatic interaction, which is consistent with previous reports.30 The auto-reduction 

of the Pt2+ complex happened at 250 oC in 5% H2 / 95% N2 atmosphere according to what reported 

in the literature.31 The low-temperature auto-reduction suggests an immobile species, which is the 

key to obtain atomically dispersed Pt. Partially charged isolated Pt atoms were stabilized by form-

ing Pt-O bonds with the substrate.32 After the auto-reduction of the impregnated TAPN, the WTi 

support turned from light yellow to dark. XRD analysis indicated that there was no crystallized Pt 

or platinum oxide in the as-synthesized samples (Figure S6). The heat treatment of WTi without 

any TAPN loading at 250 oC did not change the cellulose crystalline phase. However, such phase 

was strongly damaged in WTi-Pt2.5 and WTi-Pt10, which may have been due to the attack from 

the intermediates generated by the decomposition of TAPN. 

 

Figure 2. 3D computer graphics rendering of WTi-Pt2.5 (a). Two distinct pore size variables were computed 

for each distinct and separated pore region: the size approximately along the wood cell’s longitudinal direc-

tion (“L size”, b) and the largest of the sizes along directions approximately lying on the tangential-radial 
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plane (“T-R plane” size, c), approximately orthogonal to the longitudinal axis. Low (d) and high (e) magni-

fication HAADF-STEM images of transverse section lamella of WTi-Pt2.5. EDS mapping on the cell wall 

indicating the distribution of Ti, O, and Pt (f). The scale bar in d, e and f is 5 µm, 200 nm and 20 nm, 

respectively. 

The hierarchical porosity of WTi-Pt2.5 was characterized at distinct length scales using X-ray to-

mography, N2 aborption-desorption and STEM. The X-ray tomography measurement allowed re-

solving pore features essentially above 1 um. Figure 2a shows a 3D computer graphics rendering 

of the same portion of the volume of WTi-Pt2.5 as used for producing the 3D geometrical model 

for the lattice Boltzmann simulations of the gas transport process. About one eighth of the entire 

volume (top-front corner) was not rendered in order to better visualize typical anatomical features 

of the wood-based scaffold. The cellular structural features of spruce wood, including longitudinal 

lumens (also called tracheids), radial parenchyma (also called rays) as well as pits connecting the 

lumens were well preserved at micro-scale (Figure 2a and Movie S1). Figures 2b and 2c show the 

results of a semi-quantitative characterization of the pore space of WTi-Pt2.5 obtained from the 

analysis of the X-ray tomogram, thus considering only parts of the pore space larger than 1 µm. 

Both figures show pore size distributions in the form of plots of the probability distribution function 

(PDF) of a pore size variable, considered as a random variable. Section 1 of the Supplementary 

Information provides the details about the 3D image analysis workflow, based upon the shape ten-

sor analysis, used for computing the PDF of each of the two size variables. Along directions on the 

T-R plane (Figure 2c), one single peak is visible at about 41 µm. This can be considered as a 

characteristic cell size in the Tangential-Radial plane, although, as explained in Section 1 of the 

Supplementary Information, it is a slight overestimation of such characteristic size. Along the L 

direction (Figure 2b), more than one characteristic size is observed, corresponding to multiple, 

partly overlapped peaks: one peak is located at about 580 µm, characteristic of the longest and 

mostly intact lumens, two other ones are at about 285 and 85 µm, respectively, while the final is 

about 11 µm. Such manifold of characteristic L size values of the wood cells is due to distinct cell 

types, some of which located close to the boundaries of the measured volume, while others are very 

regular lumens, or lumens in contact with other types of cells, e.g., rays. For information about 

why the two reconstructed PDFs plotted in Figure 2b and 2c achieve very large values close to zero, 

please refer to Section 1 of the Supplementary Information. 

The N2 absorption-desorption curves of WTi and WTi-Pt2.5 show typical IV isotherms (Figure S7a), 

according to the International Union of Pure and Applied Chemistry (IUPAC) classification,33 an 
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indication of the presence of mesoporous pores. A higher surface area and a narrower nanopore 

size distribution (Figure S7b) were obtained for WTi-Pt2.5 (51.81 m2/g) than native spruce (0.33 

m2/g) and the WTi (33.05 m2/g). The heat treatment created a large number of nano-scale voids or 

cracks in the cell wall regions which is consistent with the observation by STEM imaging shown 

in Figure 2d. The contrast resulting from the orientation of the cellulose microfibrils can be seen 

in the STEM image as well (Figure 2e). The results indicate that the TiO2/Ce xerogel condensed 

along the cellulose fibrils as a shell, which is in agreement with the previous report by Deshpande 

et al.23 EDS mapping reveals that Ti and O were uniformly dispersed in the cell wall region (Figure 

2f). However, the characteristic X-rays from Pt were not detected by EDS (Figure 2f and Figure 

S8) presumably due to the low Pt concentrations, below the EDS detection limit, despite the accu-

mulation on the lumen surfaces that should have locally increased its concentration. ICP-OES 

determined the average Pt concentration (mass fraction) to be 1.36 ppm, 6.58 ppm and 11.72 ppm 

for WTi-Pt1, WTi-Pt2.5 and WTi-Pt10, respectively.

Figure 3. (a) XPS spectra for WTi-Pt2.5 together with TAPN, PtO2 and metallic Pt nanoparticles supported 

on WTi for comparison; (b) XPS spectrum for PtO2 supported on WTi. (b) X-ray absorption fine structure 
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spectra for different Pt species supported on WTi; (c) Radial plots obtained from the Fourier transformation 

of the extended X-ray absorption fine structure oscillations. 

The oxidation state of Pt in WTi-Pt2.5 was investigated by X-ray photoelectron spectroscopy (XPS) 

(Figure 3a). The XPS spectra of TAPN, metallic Pt nanoparticles and PtO2  (Figure 3b) supported 

on WTi were also provided for comparison. The Pt 4f spectrum of Pt nanoparticles can be decon-

voluted into two peaks at binding energies of 70.8 and 74.1 eV, corresponding to the 4f7/2 and 

4f5/2 levels, respectively.34 In contrast, the XPS spectrum of PtO2 can be deconvoluted into two 

peaks at binding energies of 74.8 and 78.1 eV due to Pt(IV) species together with a trace of Pt(II), 

which corresponds to the peak at 71.9 eV (Figure 3b). The Pt 4f spectrum of the TAPN absorbed 

by the surface of WTi exhibits one doublet with Pt 4f7/2 binding energy of 71.7 eV and Pt 4f5/2 

binding energy of 75.0 eV, which is characteristic of the Pt(II) species.35  The surface of TiO2/Ce 

xerogel before the heat treatment was highly hydroxylated, which contributed to the uptake and 

stable binding to the cationic Pt(NH3)4
2+ via electrostatic adsorption.35 WTi-Pt2.5 was prepared by 

heat treatment at 250 oC in 5% H2 and 95% N2 atmosphere for 2 h, in which the Pt XPS spectrum 

was not identical with that of TAPN or metallic Pt nanoparticles. A Pt species with binding energies 

at 71.7 and 74.4 eV was detected, which stayed between Pt(II) and Pt(0). This result indicates that 

the Pt atoms in WTi-Pt2.5 carried partially positive charge through electron transfer between metal 

and TiO2/Ce xerogel support because of the enhanced metal-support interaction.30, 36 We used XPS 

depth profiling to characterize the distribution of Pt element. The results strongly indicate that the 

Pt atoms mainly located on the cell wall surfaces (Figure S9 and Table S1). 

X-ray absorption spectroscopy analysis provides more representative information on the overall 

structure. To characterize the electronic structure of the specimens, we measured XANES (X-ray 

absorption near edge structure spectra) at the Pt L3 edge. XANES was measured in fluorescence 

mode, allowing us to probe the low Pt concentrations present in the samples. XANES is a well-

established technique for probing the valence state, which can be inferred from the energy shift of 

the absorption edge. As can be seen in Figure 3b, the metallic Pt reference has the edge located at 

11564 eV as expected for zero-valent Pt. In the case of WTi-Pt2.5 and WTi-TAPN (Figure 3c), the 

edges are shifted by 3 eV indicative of positive valences, and match well with the PtO2 reference 

with +IV valence. 
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Table 1. EXAFS parameters for the specimens of the study, including: the coordination number N, the 

interatomic distance R between the absorber and backscatter atom, the mean-square disorder in the distance 

σ2, and the energy correction term ΔE. A fixed amplitude factor S0
2 of unity was used for the fitting. The 

evaluated errors for R were ± 0.009 for Pt-O and ± 0.002 for Pt-Pt. The evaluated errors for σ2 were ± 

0.4×10-3 for both shells. 

Specimen 
 

Shell 
 

N 
 

R 
(Å) 

103 × σ2 
(Å2) 

ΔE 
(eV) 

Pt foil Pt-Pt 12 2.81   

PtO2 Pt-O 
Pt-Pt 

6 
12 

1.94 
3.17   

WTi-TAPN Pt-N 
Pt-N 

4 
2 

2.04 
3.73   

WTi-Pt2.5 Pt-O 
Pt-Pt 

3.1 
1.9 

1.89 
3.01 

4.0 
1.9 

-5.7 
-8.0 

Extended X-ray absorption fine structure (EXAFS) has been used to verify the atomically dispersed 

individual Pt atoms throughout the whole catalyst, for example, Pt1/FeOx,37 Pt/CeO2,38 and Pt sup-

port on Titanium Nitride.39 We provide the EXAFS data in the supplementary materials (Figure 

S10) and the Fourier transformed EXAFS oscillations in Figure 3d. The fitting parameters have 

been included in table 1 and details of the fitting have been included in Figure S11. The spectra are 

k3 weighted with a Δk range of 3 -10 Å-1. Metallic Pt is dominated by Pt-Pt coordination, charac-

terized by the strong peak at 2.7 Å. In contrast, the Pt-Pt bond is missing in the PtO2 reference 

which instead shows predominantly Pt-O coordinated shells with a characteristic peak at 1.7 Å. In 

both the EXAFS for WTi-Pt2.5, as well as for WTi-TAPN, the dominating peak is located at 1.7 Å. 

The peak at 2.7 Å is suppressed indicating the absence of metallic clusters. This observation sug-

gests that the thermal treatment did not turn the Pt species into metallic particles, but rather that 

atomic dispersed Pt species on TiO2 were formed. 
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Figure 4. (a) Ethylene conversion over WTi-PtX and WTi (0.8 g) at 0 oC in the batch reactor. The ethylene 

elimination over the commercialized Pt on carbon (0.53 mg, 1 wt. % Pt loading) was provided for compar-

ison; (b) catalysis performance of the re-fleshed WTi-Pt2.5 catalysts in the batch reactor. Ethylene decom-

position and the durability of WTi-Pt2.5 at (c) 25 °C and (d) 0 ºC. Reaction conditions in c and d: C2H4: 80 

ppm; O2: 20 vol %; N2: 5 vol %; He balance; Flow rate: 10 mL/min. 

We applied the hierarchically porous WTi-PtX to catalyze the oxidation decomposition of ethylene 

in a batch reactor. Firstly, we tested the conversion capacity of the catalysts by exposing them to 

excessive ethylene in a 1.5 liter sealed flask at 0 ºC. The ethylene concentration was measured 1 

min after the injection of pure ethylene and then subtracted from the constant ethylene concentra-

tion in order to deduce the conversion ratio. As shown in Figure 4a, WTi did not contribute to any 

ethylene concentration reduction, which indicates that neither the cellulose scaffold nor the 

TiO2/Ce xerogel can reduce the ethylene by either physical absorption or chemical conversion. In 

the presence of Pt, WTi-Pt10 can reduce the ethylene concentration by 82.3% in 15 min. The eth-

ylene conversion rate increased to 100% in the presence of WTi-Pt2.5. The results indicate that the 

Pt elements deposited on the WTi support became more active and durable as their dispersion in-

creased. However, this value decreased dramatically to about 22.9% in the presence of WTi-Pt1 

because the catalyst could not provide enough active sites. For comparison, we also tested the 
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ethylene conversion capacity of commercialized Pt on carbon. We used 0.53 mg of the commer-

cialized Pt on carbon (1 wt. % Pt) to obtain the same amount of Pt loading as 0.8 g of the WTi-

Pt2.5 the batch. The results demonstrated that commercialized Pt on carbon catalyst could only 

convert 19.0% ethylene. The mass activity was used for a reliable comparison, which accounts for 

the number of moles of ethylene conversion per mole of Pt per hour. The results demonstrate that 

WTi-Pt2.5 has a similar mass activity as WTi-Pt1, while WTi-Pt10 has the lowest mass activity (Table S2).   

Although the catalysts are highly active, they are still not durable after the exposure to a highly 

concentrated ethylene atmosphere. All of the catalysts are inactive after the first batch reaction.  

According to the ethylene oxidation mechanism proposed by Fukuoka et al.,11 water is one of the 

products, which can accumulate on the surface of Pt atoms at zero degrees, and therefore, can 

insulate the Pt atoms from ethylene. We tested the reusability of WTi-Pt2.5. As shown in Figure 

4b, after the refreshment at 150 ºC in the N2 atmosphere for 1 h, WTi-Pt2.5 can still eliminate eth-

ylene completely. The refreshment experiment was repeated 6 times, and the ethylene conversion 

of WTi-Pt2.5 was almost constant. The results revealed that the ethylene conversion capacity could 

be recovered by removing the water molecules accumulated on the Pt surfaces. According to the 

previous study,40 the ethylene decomposition over the catalyst occurs via the HCHO intermediate 

state. The reaction starts with the absorption of ethylene molecules on the Pt species. The ethylene 

molecules are sequentially oxygenized to the dioxide intermediately, which undergoes C-C σ-bond 

cleavage to form HCHO. The catalyst edge-effect41 and the surface-active oxygen species10, 42 have 

significant influences on the C-C σ-bond cleavage by reducing the activation energy. The HCHO 

is further oxidized to CO, and then to CO2, whereas H atoms generated from HCHO will react with 

O atoms to form H2O molecules. But Part of HCHO can be oxidized into HCOOH as a form of 

formic acid and formate species.11 Miyazaki’s study indicates that the CO oxidation step is the rate-

determining step in the complete ethylene oxidation.41 The H2O molecules adsorbing onto the ac-

tive sites is the main reason that results in the deactivation.43 



12 
 

A more practical study of the catalytic performance of WTi and WTi-Pt2.5 was carried out in a 

continuous reactor with trace ethylene (80 ppm) at 25 ºC and 0 ºC, respectively. The results indicate 

that WTi cannot absorb or decompose ethylene, while the conversion of 80 ppm ethylene was about 

100 % at 25 °C in the presence of WTi-Pt2.5 (Figure 4c). The complete conversion can last for at 

least 8 hours, which reveals a great potential application for the preservation of fresh food during 

warehouse storage. We further studied the low temperature (0 ºC) ethylene decomposition perfor-

mance of WTi-Pt2.5. As demonstrated in Figure 4d, the conversion rate kept at almost 100 % in 

the first 1.5 h. Afterward, it decreased to 60 % in 2 hours and then about 38 % in 2.5 hours. The 

decrease in the conversion rate was due to the accumulation of water at 0 ºC, which covered the Pt 

atoms. The catalysts were reactivated by heat treatment at 150 ºC with N2 flow for one hour. An 

equal catalytic performance could be achieved even after recycling for five times.  

Figure 5. Ethylene conversion (blue), CO2 selectivity (black) and CO selectivity (red) with time-on-steam 

at 50 oC, 25 oC and 0 oC over (a) WTi-Pt2.5 and (b) commercialized Pt on carbon (1 wt. % Pt loading). 

Reaction conditions:  WTi-Pt2.5 mass 0.8 g; carbon support Pt mass 0.53 mg; C2H4: 80 ppm; O2: 20 vol %; 

N2: 5 vol %; He balance; Flow rate: 10 mL/min. 
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We further demonstrate the selective catalytic conversion of ethylene to CO2 and CO over WTi-

Pt2.5 at different temperatures with the commercialized Pt on Carbon as a comparison. As shown 

in Figure 5a, a full ethylene conversion with 95 % CO2 selectivity and 0.4 % CO over WTi-Pt2.5 

was observed at a reaction temperature of 50 ºC. Although a full ethylene conversion can be main-

tained as the reaction temperature was reduced to 25 ºC, the CO2 selectivity decreased to 70 % 

while the CO selectivity increased to 1.2 %. Part of the ethylene may converse to formic acid or 

formate species, which was not detectable in our gas chromatography system, via incomplete oxi-

dation according to previous report.11 As the reaction temperature was further reduced to 0 ºC, 

ethylene conversion ratio could be preserved at 100 % in the first 90 min and then dropped dramat-

ically. The similar trend was observed in CO2 selectivity, which kept at 19 % in the beginning and 

then decreased after 90 min on stream. The CO selectivity declined continuously from 8.5 % to 

1.5 % in 150 min at 0 ºC. On the other hand, the ethylene conversion ratio was only ~ 60 % at 50 

ºC over the commercialized Pt on carbon (Figure 5b). The CO2 selectivity is lower (~ 85 %) while 

the CO selectivity is higher (~ 5.5 %) compared with WTi-Pt2.5 under the sample condition. Both 

the ethylene conversion ratio and CO2 selectivity declined continuously as the reaction temperature 

decreased. The results demonstrate that WTi-Pt2.5 has superior catalytic performance for ethylene 

oxidation compared with the commercialized Pt on carbon catalysts. A comparison of the ethylene 

conversion activities of WTi-Pt2.5 with the previous reports demonstrates that our catalysts have a 

superior performance (Table S3). 
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Figure 6. Transport of ethylene inside a cellulose scaffold at 0 ºC in the presence of 20% Platinum along 

the cell wall surface. In the first three columns we show the different sections: transverse, radial and cross 

(from left to right). The wood cellulose scaffold (WTi) is in red and the ethylene concentration is in different 

shades of blue. In the fourth column we show the Z-dependence of the density at fixed X and Y values. 

Along the rows, we show the snapshots of the evolution of the ethylene transport at three different times. 

The first row shows the initial condition, where the ethylene concentration is normalized to one in the space 

between the container and the sample and zero inside the sample. The second and third rows show the state 

after 20 and 100 time steps respectively. X, Y and Z are expressed in terms of the number of voxels and the 

density 𝜌𝜌 is in arbitrary units. 

The effect of the porosity derived from wood on ethylene transport and decomposition was studied 

by a complementary computer simulation. We considered a system composed of a platinum-

enriched WTi sample sealed inside an impermeable container. The simulation was initialized by 

adding a uniform mixture of air and ethylene to the space between the sample and the container 

walls. At the start of the simulation, the pores inside the WTi structure were assumed to contain 

only air.  Due to the absence of external driving forces and currents, we assumed that the transport 

of ethylene inside the sample was purely diffusive. We therefore used the lattice Boltzmann model 



15 
 

to solve the diffusion equation (described in detail in Section 4 of the SI), which has been proven 

to be an accurate and efficient tool for handling complex geometries, such as wood structures.44-46 

The evolution of the ethylene density was simulated with the diffusion equation (Eq 1) on the 

sample shown in Figure 6 (see also Figure S8). 

𝜕𝜕𝜌𝜌 𝜕𝜕𝜕𝜕 = 𝐷𝐷𝛻𝛻2𝜌𝜌⁄            Eq.1 

In Eq 1, 𝜌𝜌  is the local ethylene density and 𝐷𝐷  is the local diffusivity of ethylene in air. We 

discretized the sample under study into voxels containing the cellulose and TiO2 composite (red), 

whose domain was obtained from the segmentation of the cell wall structure from the X-ray 

tomogram, the air inside the pores of the cellulose structure (white), platinum atoms on the cell 

wall surface (cannot be seen in the figure) or a mixture of air and ethylene (blue shade whose 

intensity depends on the concentration of ethylene). With the help of the lattice Boltzmann model 

we simulated the diffusion of ethylene gas, together with its decomposition in the presence of the 

platinum catalyst inside the complex structure of WTi. The local diffusivity, the local ethylene 

decomposition rate and the platinum concentration are the input parameters of the model. Once 

they were assigned, we could simulate the evolution of the ethylene density inside the complex 

structure. The simulation was divided into two categories, one at high temperature (25 ºC) and one 

at low temperature (0 ºC). At low temperatures, we assumed that ethylene decomposition caused 

water to condense over the platinum-enriched regions, thus causing a cessation in the reaction 

between ethylene and oxygen.  

In Figure 6 we show the distribution of ethylene inside a sample that was kept at low temperature, 

at three different time instances. The shades of blue represent the concentration (density) of the 

ethylene present in each voxel. A quantitative result of the simulation is shown in Figure 7. It shows 

how the ethylene density is distributed along the intersection between the tangential and radial 

plane at four different time instances. We explored three different cases: a sample without platinum 

atoms and samples with platinum atoms at low and high temperatures. In the former case (sample 

without platinum) the total ethylene mass is conserved whilst in the latter two cases the ethylene 

mass was reduced over time due to decomposition. Nevertheless, in all three cases the ethylene gas 

eventually reached the centre of the sample. This is indicated by the non-zero value of the ethylene 

density across the entire middle section of the sample. However, in the presence of platinum atoms, 

the amount of ethylene that reached the inner part of the sample was dramatically reduced, by many 

orders of magnitude, implying that most of it was decomposed closer to the surface. Furthermore, 

our simulation indicates that at high temperatures, in the absence of water condensation, the total 
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mass of the ethylene decomposed exponentially, at a constant rate and much faster than at the low 

temperatures in which case the decomposition was no longer exponential (Figure S15). 

Figure 7. Evolution of ethylene concentration over time along the line representing the intersection between 

the tangential and radial section (green line in Figure 6).   

Conclusion 
In summary, we used the hierarchically porous structure of wood as a scaffold to template the 

cellulose and TiO2/Ce xerogel composite, which operates as the ideal support for catalysts. The 

low heat treatment temperature for the auto-reduction of tetraammineplatinum(II) nitrate to Pt(0) 

as well as the strong interaction between TiO2/Ce xerogel and the reduced Pt species resulted in 

atomically dispersed Pt active species. The lack of metallicity in the X-ray fine structure spectra 

suggests the absence of Pt clustering in bulk. Slight clustering may be present at the surface where 

there is increased accumulation of Pt according to the XPS result. We show with this work the 

potential practical application of the complex structure derived from wood as a catalyst support for 

ethylene conversion. The ethylene (80 ppm) conversion in WTi-Pt2.5 with a Pt concentration of 

6.58 ppm can reach 100 % at 25 ºC. This excellent ethylene conversion efficiency at room temper-

ature may be due to the formation of atomically dispersed Pt species and the high surface area 

provided by the hierarchically porous wood. This work shows a way of manufacturing multifunc-

tional materials with complex structures by the combination of controllable chemical synthesis 

with a nature-designed scaffold. The hierarchically complex structure can provide sufficient sur-

face area for a catalytic chemical reaction but also eliminate the negative effects of using nanopow-

der in environmental catalysis. 
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Materials and methods 

Fabrication of wood cellulose and TiO2/Ce xerogel hybrid materials (WTi): Norway spruce 

(Picea abies) wood was used as a raw material for the preparation of hierarchical porous wood 

cellulose scaffolds via delignification. The wood was cut into a cube with a dimension of 10mm × 

10mm × 5mm in radial × tangential × longitudinal directions by a saw. The delignification was 

carried out according to the method reported by Deshpande et al. and further by Segmehl and 

Frey.23, 24, 28 Typically, ten pieces of wood were placed into a beaker, where 25 mL acetic acid 

(˃99.8%, Sigma-Aldrich Chemie) and 25 mL hydrogen peroxide solution (34%, VWR Intentional 

AG) were added. The beaker was then sealed with paraffin film and heated in an oil bath at 60 oC 

for 48 h. After this maceration treatment, the wood cubes were washed eight times with distilled 

water to remove leached out lignin and hemicelluloses. The solvent exchange was carried to trans-

fer the cellulose scaffolds into isopropanol (99%, Thommen-Furler AG). The precursor solution 

for the condensation of TiO2/Ce Xerogel was prepared by dissolving 1.5 mL Ammonium Ce-

rium(IV) Nitrate ((NH4)2Ce(NO3)6, ≥98%, Sigma-Aldrich Chemie) into isopropanol solution fol-

lowed by the addition of Titanium(IV) Isopropoxide (97%, Sigma-Aldrich Chemie) with a volume 

ratio of 1:10 to the isopropanol solution. WTi was prepared by adding 50 mL of the precursor 

solution into the cellulose scaffold. The beaker was stored at room temperature in ambient condi-

tions. WTi was formed in about two weeks after the evaporation of isopropanol. 

Catalyst preparation: Platinum precursor solution was prepared by dissolving 1g of tetraam-

mineplatinum(II) nitrate (TAPN, Pt(NH3)4(NO3)2, ≥50.0% Pt basis, Sigma-Aldrich Chemie) in 250 

mL of distilled water, in which the platinum ion concentration was about 10.33 mM. The platinum 

precursor solution with a volume of 10 mL, 2.5 mL, and 1 mL was added into three distinct glass 

vials, respectively, followed by further dilution with distilled water to 30 mL for each vial. In each 

glass vial, we added five pieces of WTi. Vacuum impregnation (three cycles, 5 min for each cycle) 

was applied to promote the penetration of the precursor solution. The WTi were kept in the precur-

sor solution for 24 hours before being taken out for heat treatment at 250 oC for 2 hours in a tube 

furnace with an atmosphere of 5% Hydrogen and 95% Nitrogen. The samples were named as WTi-

PtX,  X is equal to 10, 2.5 or 1 for the samples treated with the platinum precursor solution with a 

volume of 10 mL, 2.5 mL or 1 mL, respectively.  

Catalytic Decomposition of Ethylene: Five pieces of the WTi-PtX were put into a one-liter two-

neck round-bottom flask. Ethylene (≥99.9%, PanGas) was injected into the flask to create an at-

mosphere with an ethylene concentration of around 2600 ppm. Atmosphere homogenization took 
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1 min, after which the first measurement was carried out by taking 1 mL of the gas from the flask 

and injecting it into the Gas Chromatograph (GC). The second and third measurements were carried 

out after 10 min and 30 min, respectively. The amount of ethylene converted by the catalysts was 

calculated by subtracting the concentration of ethylene measured after 1 min with that measured 

after 30 min. The catalyst refreshing was carried out by storing WTi-PtX into the furnace at 150 oC 

for one hour in a Nitrogen atmosphere. The same procedure as above was used to assess the per-

formance of the refreshed catalysts. The refreshing experiment was repeated up to five cycles. The 

catalytic performance for low concentration ethylene decomposition was assessed by passing a 

mixture of 80 ppm ethylene, 20 vol % oxygen, 5 vol % N2 balanced by He through a glass tube 

containing 0.8 g WTi-Pt2.5. The gas compounds were determined by on-line gas chromatography 

(SRI Instruments). All of the catalytic performances were assessed at 25 oC and 0 oC, respectively. 

Characterization: the structure of WTi-PtX was investigated in 3D using X-ray tomography per-

formed at Empa’s Center for X-ray Analytics. We used X-ray tomography and a respective 3D 

image analysis workflow to semi-quantitatively characterize the part of the pore space of the wood-

based scaffold resolved by the performed tomography measurements, the spatial resolution being 

approximately of 0.9 - 1 µm. In addition, by the same 3D image analysis workflow, we produced 

a 3D geometric model of the wood cell structure. Such a 3D geometric model of the cell wall 

provided a realistic geometrical domain for the gas transport modeling by the lattice Boltzmann 

numerical simulations described below and in Section 4 of the Supporting Information. Section 1 

of the Supporting Information also contains information about the tomography measurements and 

the respective 3D image analysis. Nitrogen adsorption and desorption were conducted using a Mi-

cromeritics TriStar II 3020 apparatus to characterize the porous texture properties, including BET-

specific surface area, total pore volume, and pore size distribution. In this study, about 0.5 -2 g 

samples were used for the tests depending on the estimated surface area. For the purpose of com-

parison, all tests used the same degassing level in which the samples were vacuumed at a pressure 

below 20 μm Hg and a temperature of 65 °C for 20 hours. The measurement started from 0.01 

relative pressure and increased to 0.99 to get the adsorption curve and then decreased to 0.01 to 

obtain the desorption curve. BET surface area was calculated based on data from adsorption be-

tween 0.05 and 0.3 relative pressure. The pore size distribution was calculated by the Barrett-

Joyner-Halenda (BJH) method using the adsorption curve. 

The Pt content in the catalyst was analyzed using Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES, Horiba Ultra 2 instrument equipped with photomultiplier tube detection). 
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For this purpose, WTi-PtX were first grounded into powder, and then they were quantitatively dis-

solved in aqua regia. The phase of the catalyst was analyzed by X-ray powder diffraction (XRD) 

in Bragg−Brentano mode and θ−2θ geometry with Cu−Kα radiation (PANalytical, Almelo, The 

Netherlands). The specific surface area of the composites was measured using a BET nitrogen 

physisorption device (Micromeritics Tristar II 3020). The TEM specimens were prepared by em-

bedding the sample with resin (Spurr Low Viscosity Embedding Kit), followed by cutting a trans-

verse section of about 150 nm in thickness with a Reicher-Jung Ultracut Ultramicrotome using a 

diamond knife. The section was mounted on a lacey carbon film on Copper TEM grids. High angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM) and energy dis-

persive X-ray spectrometry (EDS) studies were carried out at ScopeM ETHZ with a FEI Talos 

operated at 200 kV. X-ray Photoelectron Spectroscopy (XPS) was performed using an X-ray pho-

toemission spectrometer (Physical Electronics, Quantum 2000) with monochromatic Al Kα radia-

tion (hν = 1486.7 eV). X-ray Absorption Near Edge Structure (XANES) and Extended X-ray Ab-

sorption Fine Structure (EXAFS) spectroscopy were obtained at the microXAS beamline of the 

Swiss Light Source by the Paul Scherrer Institute, Villigen, Switzerland. 
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