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Abstract 24 

Water is crucial in space missions, and developing lightweight, high-performing catalysts 25 

for water recycling is essential. Extensive research on nanosized and even single-atom 26 

catalysts supported on oxides has been conducted for this purpose. However, the oxide 27 

supports usually constitute over 90% of the total mass, so the catalysts are heavy. Here, 28 

we fabricated a light, fibrous RuO2 nanostructured textile consisting solely of RuO2 29 

nanoparticles (NPs), which did not require an oxide support, and evaluated it in the 30 

Sabatier reaction for water recycling. Remarkably, this support-free catalyst textile 31 

displayed an unprecedented catalytic mass activity (~60 mmolCH4 h-1 gcat
-1 at 160 °C), 32 

which was approximately 20 times higher than that of a previously reported Ru/TiO2 33 

catalyst, and the highest TOF (0.021 s-1 at 160 °C). Although well-known catalyst 34 

degradation was observed during prolonged testing, the performance of the textile 35 

remained exceptional even after 46 hours of continuous operation. A detailed surface 36 

analysis unveiled phenomena such as RuO2 reduction, nanoparticle growth, surface 37 

smoothing, and Ru loss during the reaction, contributing to degradation. We expect that 38 

addressing these intrinsic and thermodynamically driven phenomena will improve 39 

activity and durability. 40 

 41 

Introduction  42 

Securing water is a critical challenge in the vast expanse of space for manned space 43 

exploration1. A portion of this water is produced by the Sabatier reaction1, 2, 3, 4, a process 44 

that involves reacting carbon dioxide, which is exhaled by humans, with hydrogen (Eq. 45 

1).  46 

CO2 + 4 H2 �? CH4 + 2 H2O: �û�+�ƒ��� ���í���������N�-���P�R�O�í1 (1) 47 



 

The amount of water needed increases in proportion to the number of people involved in 48 

the mission, and so does the quantity of catalyst require for water generation (Fig. 1a). 49 

Therefore, there is a strong demand to maximize the activity per unit weight of the catalyst, 50 

or mass activity, to reduce the necessary amount of catalyst, as in many other 51 

heterogeneous catalytic processes5. 52 

A variety of nanoscale metal-based oxide-supported catalysts, such as those with 53 

inexpensive transition metals (Ni6, 7, 8, 9, 10, Co11, 12, 13, 14 and Fe15, 16, 17) and platinum group 54 

metals (PGMs, Ru18, 19, 20, 21, 22, Rh23, 24, 25, Pd4, 26, 27) on oxide supports, have been 55 

investigated for use in this reaction28. Among these catalysts, those containing Ru are 56 

known for their excellent catalytic efficiencies, as summarized in Fig. 1b, which 57 

compares the catalytic activities of Ru- and Ni-based catalysts on various oxide supports. 58 

For example, Kwak and coworkers demonstrated high specific activity for Ru/Al2O3 (75 59 

mmolCH4 h-1 gcat
-1 at 320 °C)22. Xu and coworkers demonstrated good catalytic activity at 60 

even lower temperatures (~34.5 mmolCO2 h-1 gcat
-1 at 200 °C with Ru/TiO2), which is 61 

among the highest activities reported thus far for this temperature range18. The benefit of 62 

utilizing Ru-based catalysts lies in the high activity at low temperature and limited 63 

generation of toxic CO due to the competitive side reaction known as the reverse water 64 

gas shift reaction (RWGS, Eq. 2)29. 65 

CO2 + H2 �? CO + H2O: �ûH° = +41 kJ mol�í1      (2) 66 

Nevertheless, further improvement in the mass activity is desired to meet future demand, 67 

especially when the material weight or volume matters, such as in space missions, which 68 

require launching the materials into space30. To visualize the effect of the difference in 69 

mass activity, Fig. 1b also depicts how the operating temperature and catalyst mass 70 

activity influence the launch cost of the catalyst used in converting 7 kg of CO2 exhaled 71 



 

by 7 crew members per day, taking the International Space Station (ISS) as an example 72 

(Fig. 1a). To treat this amount of CO2, approximately 2.7 kg of a state-of-the-art catalyst 73 

is needed when it is operated at the low temperature of 160 °C19. The required amount of 74 

catalyst increases proportionally as the number of people staying in space increases, 75 

which is the intended scenario for future space missions31, 32; thus, reducing the amount 76 

of catalyst needed is tremendously important. One way to reduce the catalyst requirement 77 

is to increase the operational temperature and achieve higher activity. However, the 78 

temperature increase would also increase the production of toxic CO and the energy input, 79 

so light catalysts that work at low temperatures are in high demand. 80 

To achieve such light weight highly active catalyst, we focus on the fact that the 81 

oxide supports usually constitute over 90% of the total mass and investigate the possible 82 

way for reducing ratio of support material without sacrificing catalytic activity. In this 83 

study, we demonstrate that RuO2 nanoparticles (NPs) can be integrated into a fibrous 84 

textile with a high specific surface area without an oxide support by sputtering RuO2 on 85 

a nonwoven polymer textile33. The drastic improvements seen in the catalyst mass activity 86 

were achieved by avoiding the use of oxide supports, which typically account for more 87 

than 90% of the total catalyst weight18, 19, 20, 22, 34, 35, 36, 37. We also demonstrated 88 

unprecedented catalytic activity relative to the total weight by using RuO2- 89 

nanostructured textile (NST), which also showed the highest turnover frequency (TOF), 90 

which defines how many catalytic cycles occur on a single cite per unit time. 91 

Furthermore, using various surface sensitive techniques, such as field emission-92 

scanning electron microscopy (FE-SEM), high-resolution transmission electron 93 

microscopy (HRTEM), operando near-ambient pressure X-ray photoelectron 94 

spectroscopy (NAP-XPS) and hard X-ray photoelectron spectroscopy (HAXPES), we 95 



 

unveil dynamic changes in the morphology and oxidation state of the RuO2 during 96 

prolonged reactions over several tens of hours in this study which were rarely done before 97 

and are not known well. The changes observed could be the reason for the well-known 98 

performance degradation seen during long-term Sabatier reactions35, which is essential 99 

information for further development of active and durable catalysts for the Sabatier 100 

reaction for manned space exploration. 101 

 102 

 103 

 104 

 105 

 106 

 107 

 108 

 109 

Fig. 1 �_ Current status of Sabatier reaction catalysts, challenges, and opportunities. 110 

a Schematic illustration of the Sabatier reaction used to convert 7 kg of CO2 emitted by 111 

7 crew members/day in the ISS. b Specific mass activity of the catalyst, including the 112 

support (mmolCH4 h-1 gcat
-1), plotted vs. the operating temperature for the RuO2-NST 113 

catalyst (this work) and conventional Ru- and Ni-supported catalysts for the Sabatier 114 

reaction. Solid lines between the data points for the same catalyst were added as guides. 115 

The numbers in the graph indicate the entry numbers in Supplementary Table 1. The 116 

first right axis shows the catalyst weight needed to completely convert 7 kg of CO2. The 117 

launch cost was approximately 2.6 to 19 K USD/kg in 201630. See also Supplementary 118 

Note 1 and 2. 119 

 120 

Results 121 

RuO2-NST structure and electronic states 122 



 

Figure 2a shows a scheme for the preparation of the supported Ru-NST, which involved 123 

electrospinning of a water-soluble polyvinylpyrrolidone (PVP) polymer followed by 124 

sputtering with Ru under pure Ar. The prepared Ru-coated PVP nanofiber textile was then 125 

soaked in water to dissolve the PVP and transferred onto a polyimide film substrate. In 126 

this process, RuO2 nanoparticles are interconnected with each other, forming a finely 127 

integrated self-assembled architecture. The polyimide film was used to enable 128 

measurements in a differential reactor for precise catalyst performance evaluations, and 129 

thus, any other substrates could be used, even on curved surfaces such as the internal 130 

walls of the reactor. The NST was then annealed at 300 °C in air to completely remove 131 

the PVP used as a template. We refer to this annealed NST as RuO2-NST hereafter, as we 132 

will show below that it was made of rutile RuO2. Fig. 2b-d shows the FE-SEM images 133 

of the annealed NST. RuO2-NST had randomly overlapping and interconnected fibers 134 

with diameters of 380 nm originating from the PVP nanofiber textile (Fig. 2b). Small 135 

protrusions were observed on the sputter-deposited side, as shown in Fig. 2c. On the back 136 

side, a groove was produced by dissolution of the PVP polymer used as the template (Fig. 137 

2d). HRTEM revealed that the small protrusion consisted of NPs measuring ~6 nm in 138 

diameter (Fig. 2e), and it comprised crystalline rutile RuO2 with P42/mnm symmetry (Fig. 139 

2f). We observed the (110), (200), (210), and (211) planes, as shown in the HRTEM image 140 

and the electron diffraction (ED) pattern (Fig. 2f). Figure. 2g shows the annular dark-141 

field scanning TEM (ADF-STEM) image. This clearly indicated that the NPs were 142 

bonded through domain boundaries. Interestingly, the topmost surface atoms were not 143 

aligned well with the second layer from the surface atomic layer, and some atoms were 144 

not in the plane or were corrugated, as seen in the magnified image; this is unique to NST 145 

and consistent with previous results33. Figure. 2h compares the ex-situ Ru 3d XPS data 146 



 

for Ru-NST (as-prepared) and the RuO2-NST formed after annealing. The spectrum of 147 

the as-prepared NST (Fig. 2h, lower) included two peaks corresponding to Ru metal (Ru 148 

3d5/2, 280.10 eV)38, 39, 40, 41, 42, which are the same values reported previously. We also 149 

found the contribution from RuO2 (Ru 3d5/2, 280.74 eV)40, 42, 43, 44, the satellites (Ru 3d5/2, 150 

280.64 eV)45, 1f-cus-Ru (Ru 3d5/2, 280.45 eV)38, 42, 46 which is the undercoordinated 151 

surface Ru atoms (onefold coordinatively unsaturated site) on the RuO2 (110), RuxOy (Ru 152 

3d5/2, 280.�����í��������60 eV)41, 42, 47 which is O-rich states with poorly defined structure 153 

called surface oxides, as well as carbon and their oxygenated contaminations48, 49. These 154 

carbon impurities are thought to originate from PVP or partially decomposed PVP 155 

remaining on the top surface of the NSTs. Deconvolution of the spectrum revealed that 156 

the Ru metal content was 50%, and the oxidized Ru content was 50%, indicating that half 157 

of the surface Ru in the as-prepared-NST was oxidized (Supplementary Fig. 1, 158 

Supplementary Tables 2-4, and Supplementary Note 3). In contrast, the annealed-NST 159 

(Fig. 2h, upper, Supplementary Fig. 2 and Supplementary Tables 5 and 6) included 160 

four peaks corresponding mainly to RuO2 and the satellites, respectively. The spectrum 161 

was deconvoluted into peaks for Ru50, RuO2, the satellites, 1f-cus-Ru, RuxOy, carbon, and 162 

their oxygenated contaminations. The deconvolution results revealed that the sample was 163 

oxidized and consisted of 98% oxidized Ru and 2% Ru, which was consistent with the 164 

HRTEM image in which we observed rutile RuO2. In general, the catalyst surface area is 165 

proportional to the catalytic activity if the NPs are not too small, i.e., below 1 nm51. With 166 

Brunauer–Emmett–Teller (BET) measurements and analyses, we estimated the specific 167 

surface area (SBET) and found that RuO2-NST had a large surface area of 29.5 m2 gcat
-1 168 

(Fig. 2i).  169 



 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

 180 
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 182 

 183 

Fig. 2 �_ Characterization and catalytic evaluation of the Sabatier reaction with RuO2-184 

NST. a RuO2-NST transferred onto the polyimide film and schematic illustrations of the 185 

NST catalyst and conventional metal and/or metal oxide-supported catalyst. b-d FE-SEM 186 

and HRTEM images (e) of RuO2-NST after annealing at 300 °C in air. The inset in (e) 187 

shows the particle size distribution. The number of counted particles was 149. f ED 188 

pattern obtained for the area circled with the red line in the inset (the Miller indices and 189 

corresponding d-spacing are summarized in Supplementary Table 7). g ADF-STEM 190 

image of RuO2-NST after annealing at 300 °C in air. h Ex situ Ru 3d XPS spectra of Ru-191 

NST (as-prepared) and RuO2-NST (after annealing). The O/Ru indicates the ratio of O 192 

relative to Ru, which was calculated from the areas of all Ru 3d peaks and the O 1s peaks 193 

related to oxidized Ru components (the ex-situ Ru 3d and O 1s XPS spectra are shown in 194 

Supplementary Figs. 1 and 2). The open circles, the dashed lines, and the solid lines 195 

show the raw XPS data, the Shirley background, and the fitting results after the 196 

deconvolution, respectively. The solid vertical lines (orange and blue) correspond to bulk 197 

Ru and RuO2, respectively. Deconvolution of the ex situ Ru 3d and O 1s XPS spectra and 198 



 

details of the analysis are summarized in Supplementary Figs. 1 and 2 and 199 

Supplementary Tables 3-6. i Kr adsorption isotherm. The Kr isotherms were measured 200 

for 6 samples, and error bars are shown. A solid line between the data points was added 201 

to guide the eye. The inset picture shows the sample in the measuring glass tube. j  TPR 202 

profiles for CH4 in the Sabatier reaction and the CH4 selectivity. Solid lines were added 203 

to guide the eye. The inset figure shows the enlarged profile and error bars at 90 °C to 204 

210 °C. Scale bars in (b and d); 500 nm, (c); 50 nm, (e); 10 nm, inset image of (f); 200 205 

nm, (g); 1 and 0.5 nm for the upper and lower images. 206 

Catalytic performance  207 

Figure. 2j shows the results of a temperature-programmed reaction (TPR) with the 208 

Sabatier reaction using RuO2-NST in a differential reactor, which is designed to measure 209 

low conversions to enable direct measurement of the reaction rates on the catalyst surface 210 

(Supplementary Fig. 3). As the temperature was increased, the amount of CH4 produced 211 

increased. The activity reached single digits in mmolCH4 h-1 gcat
-1 at 100 °C, which was 212 

only possible above 160 °C before using the state-of-art catalyst, as mentioned above. 213 

The activity exceeded ~ 60 mmolCH4 h-1 gcat
-1 at 160 °C, which was approximately 20 214 

times greater than that of the previously reported state-of-the-art Ru/TiO2 catalyst19. This 215 

means that our strategy of using a support-free textile catalyst instead of oxide supports 216 

has achieved unprecedented mass-specific catalytic activity, marking a significant 217 

advancement in the field. The TOF reached 0.021 s-1 at 160 °C, which was among the 218 

highest reported thus far (see Supplementary Note 4 for how we calculated TOF). The 219 

specific activity increased further to ~2000 mmolCH4 h-1 gcat
-1 at 300 °C. At approximately 220 

this temperature, the RWGS became significant, and CO was produced (Fig. 2j). We 221 

detected no CO gas below 150 °C. Above 150 °C, CO was produced and detected with a 222 

high-end system, but the reaction still exhibited a high CH4 selectivity of over 99.0% up 223 

to 225 °C. To our knowledge, the TOFs seen from 100 to 200 °C were higher than those 224 

of the state-of-the-art supported Ru catalyst2.  225 



 

 226 

 227 

 228 

 229 

 230 
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 232 

 233 

 234 

 235 

 236 

 237 

Fig. 3 �_ Changes in the surface state and structure from RuO2 to Ru during the 238 

Sabatier reaction. a Long-term durability tests of the RuO2-NST catalyst at 120 °C 239 

���J�U�H�H�Q���������������ƒ�&�����R�U�D�Q�J�H�������D�Q�G�����������ƒ�&�����U�H�G�����I�R�U�������í�������K�R�X�U�V�����7�K�H���V�S�H�F�L�I�L�F���D�F�W�L�Y�L�W�\���L�V���V�K�R�Z�Q��240 

as a function of time after reaching the specified temperature. Solid lines were added to 241 

guide the eye. b-c Operando Ru 3d and O 1s XPS data for different reaction times. The 242 

operando experiment was performed at 180 °C under a pressure of 100 Pa (1 mbar) with 243 

a flow rate of 10 mL min-1 for a mixed feed gas ratio of H2:CO2:He = 4:1:5. The open 244 

circles, the dashed lines, and the solid lines in (b and c) show the raw XPS data, the 245 

Shirley background, and the fitting results after the deconvolution, respectively. The solid 246 

vertical lines (orange and blue) in (b) corresponds to bulk Ru and RuO2, respectively. The 247 

solid vertical blue line in (c) corresponds to the lattice O in RuO2. The deconvoluted 248 

operando Ru 3d and O 1s XPS spectra and details of the analysis are summarized in 249 

Supplementary Figs. 4-6 and Supplementary Tables 8-13. d Operando Ru LIII -edge 250 

XAS spectra of RuO2-NST. The operando experiment was performed at 180 °C under the 251 

same conditions as the operando NAP-XPS. e ED pattern seen after 10 minutes of the 252 

Sabatier reaction at 180 °C. Scale bar in the inset image of (e); 200 nm. 253 

 254 

While we observed improvement in the catalytic activity with high TOF, we 255 



 

unfortunately observed a well-known decrease in performance during long-term 256 

experiments exceeding tens of hours of the Sabatier reaction, even for this textile catalyst; 257 

Fig. 3a compares the specific activities at 120 °C, 160 °C, and 180 °C. As seen in the 258 

figure, the mass activity was still the highest after the durability test for all the tested 259 

temperatures, but we observed a change in the specific activity within an hour (Fig. 3a, 260 

Region I). It then became rather stable but kept decreasing, similar to previous reports 261 

(as shown in Region II)19, 35, 52, 53. In considering this well-known degradation, there are 262 

several causes to consider, including changes in the surface chemical states54, aggregation 263 

of the NPs19, 35, carbon deposition (observed for the Ni catalyst)55, 56 and loss of some Ru 264 

species under these conditions52, 53. 265 

To identify strategies for improving durability, it is essential to investigate the 266 

process occurring on catalysts during the reaction. Thus, we first performed operando 267 

XPS studies57, 58, 59, 60, 61, 62, 63 and investigated the changes in chemical states of surface 268 

species. Figure 3b and 3c present a comparison of the operando Ru 3d and O 1s XPS 269 

spectra obtained before and during the reaction at 180 °C, measured using the NAP-XPS 270 

technique64, 65, 66, 67, 68. Initially, two peaks corresponding to RuO2 were observed. Within 271 

20 minutes, a change in the spectrum was noted, indicating the reduction of RuO2 to Ru. 272 

Subsequently, the peak position remained stable as shown in Fig. 3b. However, the 273 

intensity of the O 1s peak, centered at 529.45 eV (attributed to lattice O in RuO2; reference 274 

value 529.45 eV)69, decreased during this period, as evidenced in Fig. 3c. This decrease 275 

indicated that surface reduction occurred during the reaction, starting at the very 276 

beginning of the measurement, which aligns with the known fact that RuO2 undergoes 277 

reduction at approximately 140 °C in a hydrogen atmosphere70. A similar observation was 278 

made using operando X-ray absorption spectroscopy (XAS), which offers greater 279 



 

information depth. Figure 3d presents a comparison of the operando Ru LIII -edge XAS 280 

spectra of RuO2-NST before and during the reaction. The white line peak shifted from 281 

2841.6 eV for RuO2 to 2839.4 eV for Ru52. Additionally, no change was observed between 282 

20 minutes and 3 hours. This is consistent with our NAP-XPS results, suggesting that the 283 

surface was completely reduced to form Ru. 284 

The formation of Ru was also supported by the electron diffraction (ED) pattern 285 

for RuO2-NST after running the Sabatier reaction at 180 °C for 10 minutes (Fig. 3e). In 286 

the pattern, we observed the (100), (002), (101), and (110) lattice fringes of hexagonal 287 

close-packed (hcp) Ru metal with P63/mmc symmetry. Similar patterns and lattice fringes 288 

were also noted for NST after a reaction at 180 °C for 46 hours (Supplementary Fig. 7). 289 

To investigate nanoparticle (NP) aggregation or changes in diameter of NP, we 290 

examined the surface in detail using FE-SEM (Fig. 4a). No significant differences in 291 

particle sizes, shapes, or gaps between NPs were observed at this resolution, both before 292 

and after reactions run for 10 minutes and 46 hours. The ratios of colored areas 293 

representing gaps between NPs in Fig. 4b to the total area were between 0.33 and 0.35, 294 

as summarized in Fig. 4c, showing no significant change post-reaction. However, a closer 295 

�H�[�D�P�L�Q�D�W�L�R�Q���Z�L�W�K���+�5�7�(�0���U�H�Y�H�D�O�H�G���S�D�U�W�L�F�O�H���J�U�R�Z�W�K���W�R���V�L�]�H�V���R�I�����í�����Q�P���D�Q�G�����í�������Q�P���D�I�W�H�U��296 

reactions for 10 minutes and 46 hours, respectively (Fig. 4d and Supplementary Fig. 8). 297 

This was confirmed by measuring the outer diameters of over 100 particles in different 298 

areas of the TEM images. Alongside NP growth, the crystal surfaces became smoother 299 

(Fig. 4e), indicating thermodynamic driving forces behind this growth. Despite the 300 

growth, the crystal surfaces showed no significant differences even after 46 hours, 301 

compared to the sample tested after 10 minutes of reaction (Supplementary Fig. 9). As 302 

the NPs increased in size, there was a decrease in the total surface area of the RuO2-NST 303 



 

sample. Specifically, the surface area is reduced from 70 cm² to 57 cm² after 10 minutes, 304 

and further decreased to 48 cm² following 46 hours of reaction, as shown in Fig. 4f.  305 

As mentioned above, the accumulation of carbon on the surface could be one of 306 

the possible reasons for degradation. However, there were no evident signs of carbon 307 

deposition as observed in previous Ni-supported catalysts (see Supplementary Fig. 308 

10).55, 56 As for the loss of Ru, our ICP-OES measurements revealed that approximately 309 

28% of the Ru in RuO2-NST was lost after 24 hours of reaction (see Supplementary Fig. 310 

11). This finding aligns with a previous report that observed similar behavior in a 311 

ruthenium carbide catalyst at 160 °C52 and Ru-encapsuled metal organic framework 312 

catalyst at 225 °C42.  These results suggest that three phenomena occur simultaneously, 313 

aside from carbon accumulation on the surface: the reduction of RuO2 to Ru, a decrease 314 

in surface area, and the loss of Ru during the reaction, all of which could contribute to 315 

degradation at this temperature. 316 

To further investigate how the reduction of the surface from RuO2 to Ru impact 317 

on catalytic activity, we prepared Ru-NST with a total surface area close to that of RuO2-318 

NST. Specifically, it was 65 cm², slightly smaller than the 70 cm² of RuO2-NST but still 319 

within the margin of error, as shown in Supplementary Fig. 12. This was achieved by 320 

reducing RuO2-NST with hydrogen at 180 °C for a duration of 1 hour (Supplementary 321 

Fig. 13). We then compared their catalytic activities using TPR. The results showed that 322 

RuO2-NST exhibited over twice the activity at 100 °C compared to Ru-NST, confirming 323 

its superior catalytic performance, as seen in Fig. 4g. Given that the difference in the total 324 

surface area between Ru and RuO2-NST is small, a decrease in surface area is unlikely to 325 

be the primary cause of the observed performance difference in Ru and RuO2-NST. Rather, 326 

the reduction in oxygen concentration emerges as a more straightforward factor to 327 



 

consider. 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

Fig. 4 �_ Morphological changes occurring during the reaction. a FE-SEM images of 337 

the RuO2- NSTs before (left) and after reactions at 180 °C for 10 minutes (center) and 46 338 

hours (right). b Binary images of (a), highlighting the open areas between the NPs. c 339 

Ratio of the open area to the total area in (a). d HRTEM image of RuO2-NST after reacting 340 

at 180 °C for 10 minutes (Supplementary Fig. 8 shows the NPs after 46 hours of the 341 

reaction). The inset shows the particle size distribution of the Ru NPs. The number of 342 

counted particles was 213. e ADF-STEM images of RuO2-NST after reacting at 180 °C 343 

for 10 min (Supplementary Figs. 7 and 9 show the ED pattern and the ADF-STEM 344 

images of RuO2-NST after 46 hours of the reaction). f Total surface areas of NST before 345 

(red) and after the reaction (180 °C for 10 minutes, blue; 46 hours, green). The total 346 

surface areas were obtained by multiplying the SBET by the sample weight, and error bars 347 

are shown. The Kr adsorption isotherms were measured for two samples. The isotherms 348 

and SBET values for RuO2-NST after the reaction (180 °C for 10 minutes and 46 hours) 349 

are shown in Supplementary Fig. 14. g TPR profiles produced by RuO2-NST with 350 

different oxidation states (annealed, black; as-prepared, red; hydrogen-reduced, blue). 351 

Solid lines were added between the data points to guide the eye. Scale bars in (a); 50 nm, 352 

(d); 10 nm, (e) upper image; 1 nm, lower image; 0.5 nm. 353 

 354 

From a practical standpoint, determining the onset temperature at which oxygen 355 

loss begins is crucial. To elucidate this, we prepared RuO2-NSTs which were used for 356 

Sabatier reaction at various temperatures, and examined the oxygen concentration for the 357 



 

samples using ex situ HAXPES with synchrotron radiation at SPring-8 in Japan as shown 358 

in Fig. 5a-b. At 60 °C, the composition was almost stoichiometric (O/Ru = 1.98), but as 359 

the temperature increased, the O/Ru decreased, and we found that the reduction of RuO2-360 

NST started at 80 °C, which was much lower than the temperature previously reported70. 361 

This was proven with electron energy loss spectroscopy (EELS) for the RuO2-NST after 362 

Sabatier reaction at 80 °C, which revealed the presence of RuO2 and Ru in different areas 363 

of the ADF-STEM images as shown in Supplementary Fig. 15. The O/Ru ratio dropped 364 

to 0.20 at 120 °C and decreased further to 0.13 at 180 °C, as shown in Fig. 5c. Although 365 

the ex-situ Ru 3d HAXPES spectra remained nearly unchanged along with the duration 366 

of Sabatier reaction at 180 °C (Fig. 5d), the O/Ru ratio for those samples were gradually 367 

reduced from 0.13 to 0.051 at 180 °C (Fig. 5e). We observed subtle changes in the ex-situ 368 

O 1s HAXPES spectra attributable to the consumption of oxygen species such as O 369 

adatoms and O subsurface (Oad and Osub), and OH on Ru during the reaction as shown in 370 

Fig. 5f. 371 

  372 



 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 

 383 

Fig. 5 �_ Surface chemical states present after reactions at different temperatures. a 384 

and b Ex situ Ru 3d and O 1s HAXPES spectra taken after the Sabatier reaction was 385 

stopped upon reaching the specified temperatures. These reactions were performed under 386 

the same conditions as the catalytic activity tests, except for the ramping rate (1 °C min-387 
1). The x in the figures indicates the ratio of O relative to Ru estimated from all Ru 3d 388 

peak areas and O 1s peak areas related to oxidized Ru and by applying theoretical cross 389 

sections for Ru 3d and O 1s at 8047.8 eV (see Methods). The solid vertical lines (orange 390 

and blue) in (a) correspond to bulk Ru and RuO2, respectively. The solid vertical blue line 391 

in (b) corresponds to lattice O in RuO2. c Change in the x number of RuOx-NST before 392 

(red) and after the Sabatier reaction (60 °C; orange, 80 °C; yellow, 120 °C; blue, and 393 

180 °C; purple). d Ex situ Ru 3d HAXPES spectra taken after the Sabatier reaction at 394 

180 °C for the specified times. e Change in the x number of RuOx-NST after the Sabatier 395 

reaction at 180 °C for the specified times. f Ex situ O 1s HAXPES spectra taken after the 396 

Sabatier reaction at 180 °C for the specified times. The open circles, the dashed lines, and 397 

the solid lines in (a, b, d, and f) show the raw XPS data, the Shirley background, and the 398 

fitting results after the deconvolution, respectively. The deconvoluted ex situ Ru 3d and 399 

O 1s HAXPES spectra and details of the analysis are summarized in Supplementary 400 

Figs. 16-22 and Supplementary Tables 14-27. 401 

 402 



 

Discussion 403 

Our strategy of using a support-free textile catalyst instead of oxide supports has achieved 404 

unprecedented mass-specific catalytic activity and TOF. Through intensive analyses, we 405 

have identified a three-fold phenomenon at 180 °C, a relatively low operating 406 

temperature: the reduction of RuO2 to Ru, a decrease in surface area, and the loss of Ru 407 

during the reaction, all of which could contribute to degradation. We discovered that RuO2 408 

begins to lose oxygen at approximately 80 °C in the Sabatier reaction environment, 409 

resulting in decreased catalytic performance. This becomes particularly critical for 410 

Sabatier systems operating at temperatures above this threshold. One strategy to stabilize 411 

oxygen atoms would involve introducing oxyphilic elements to form stable oxides 412 

resistant to reduction in this environment. The introduction of oxyphilic elements and the 413 

creation of multiphase structures are expected to play a role in stabilizing oxygen within 414 

the catalyst matrix. For example, oxides comprising Ru and hetero elements such as Ag 415 

and Yttrium may be potential options71, 72, 73, 74. Although not with Ru oxides but with Ru, 416 

there are cases where high performance is obtained in the presence of TiO2 or CeO2 417 

coexisting with Ru, as evidenced in references 18, 35, 75, 76, 77. Thus, introduction of Ti and 418 

Ce could be considered as one direction to pursue. In any case, there is limited information 419 

on whether these oxides can maintain their stability for several hours during the Sabatier 420 

reaction or up to what temperature they can withstand. For the design of catalysts that can 421 

operate stably and maintain high performance at elevated temperatures, unraveling these 422 

aspects is considered essential. 423 

In summary, we investigated support-free and low-mass RuOx catalysts and 424 

obtained the highest catalytic mass activity and TOF over a wide temperature range. 425 

Although the well-known performance degradation was observed at long-term durability 426 



 

test, the activity was still the highest. To further improve the catalytic activity, and 427 

durability especially at temperature above 80 °C, introduction of oxyphilic elements was 428 

discussed. We bypassed the need for support oxides using NST, however, this does not 429 

rule out the potential of employing other physical or chemical vapor deposition 430 

techniques or wet chemical methods to attach or introduce different materials onto it. We 431 

expect that these surface modifications would mitigate the common degradation issues, 432 

thereby further improving the activity and longevity of catalyst. 433 

 434 

Methods 435 

Materials and chemical reagents 436 

PVP (Mw = 1,300,000 g mol-1���� �Z�D�V�� �S�X�U�F�K�D�V�H�G�� �I�U�R�P�� �6�L�J�P�D�Å�$�O�G�U�L�F�K�� �D�Q�G�� �X�V�H�G�� �Z�L�W�K�R�X�W��437 

purification. Dehydrated methanol was purchased from FUJIFILM Wako Pure Chemical 438 

Corporation. Milli -Q water was used for the sample transfer process. 439 

 440 

Preparation of the PVP textile and NST 441 

We prepared the RuO2-NST catalyst in two steps by electrospinning a water-soluble PVP 442 

polymer followed by metal sputtering. PVP (3.20 g) was dissolved in dehydrated 443 

methanol (36.8 g, 8 wt%). A 6 mL syringe with an inner tip diameter of 0.5 mm was filled 444 

with the solution. A constant voltage of 1 kV cm�í1 was applied between the tip and a 445 

metal foil collector, with a distance of 15 cm between them. The solution feed rate was 446 

maintained at 1 mL h�í1 for 24 minutes (0.4 mL of PVP solution was fed). PVP nanofibers 447 

with an average diameter of �¢270 nm were produced under these conditions33, 78, 79, 80. Ru 448 

was then deposited on the top surface of the PVP textile under an argon atmosphere with 449 

a commercial desktop ion coater (MC1000; HITACHI High-Technologies). The chamber 450 



 

was first evacuated to 6.0 Pa, and then Ar was introduced as the sputtering gas. The 451 

pressure was maintained at 7 Pa during sputtering. The amounts of materials deposited 452 

were monitored with a quartz microbalance. The amount of Ru in Ru-NST was analyzed 453 

�Z�L�W�K�� �L�Q�G�X�F�W�L�Y�H�O�\�� �F�R�X�S�O�H�G�� �S�O�D�V�P�D�Å�R�S�W�L�F�D�O�� �H�P�L�V�V�L�R�Q�� �V�S�H�F�W�U�R�P�H�W�U�\�� ���,�&�3�Å�2�(�6����454 

(PS3520UVDD II; Hitachi High-Tech). A 1 cm × 1 cm sheet of Ru-NST@PVP was 455 

punched out and then immersed in water for PVP removal. The Ru-NST was scooped up 456 

with a polyimide film (Kapton®, 0.50 ��m). To completely remove the residual PVP, the 457 

samples were annealed at 300 °C for 10 minutes on a hot plate in air. Oxidative 458 

decomposition of PVP has been reported under these conditions81, 82. The resulting sample 459 

was referred to as RuO2-NST. 460 

Hydrogen-reduced RuO2-NST was prepared by reacting a gas mixture consisting 461 

of H2 (5.3%, v/v) and Ar (94.7%, v/v) in a differential reactor. The RuO2-NST transferred 462 

onto a polyimide film was set on a ceramic heater, the thermocouples were contacted with 463 

RuO2-NST, and the temperature was monitored. After evacuating the reactor at < 200 Pa, 464 

the reactant gas mixture was introduced with a 75 standard cubic centimeters per minute 465 

(sccm) total flow rate, and the pressure in the reactor was adjusted to 106 kPa. Hydrogen 466 

reduction was performed from room temperature to 180 °C (heating ramping rate: 1 °C 467 

min-1) and continued for 1 hour at 180 °C. 468 

 469 

Electron microscopy 470 

The FE-SEM studies were performed with a Hitachi S-5500 microscope operated at 471 

�D�F�F�H�O�H�U�D�W�L�R�Q���Y�R�O�W�D�J�H�V���R�I�� ���í������ �N�9�� The RuO2-NST on the polyimide film was observed 472 

directly. To obtain the back side image, the following sample preparation process was 473 

applied. The sample on the polyimide film soaked in water was scratched with a spatula, 474 



 

and a dispersion containing the flaked film was sonicated for 2 minutes. The dispersion 475 

was dripped onto a Cu micro grid (200 mesh) with a carbon net (with hole diameters of 476 

approximately 1.5�í8 ��m) and dried at room temperature. HRTEM and ADF-STEM 477 

observations, ED measurements, and EELS analysis were carried out with a JEOL JEM-478 

ARM200F microscope equipped with a Gatan GIF Quantum at an acceleration voltage 479 

of 200 kV. To obtain the image of RuO2-NST, the following sample preparation process 480 

was applied. A sample on the polyimide film soaked in water was scratched with a spatula, 481 

and the dispersion containing the flakes was placed on a Pt grid (180 mesh) and then dried. 482 

To fix the flaked sample pieces on the Pt grid without a carbon net, PVP was used as the 483 

adhesive. An 8 wt% PVP solution in methanol was dripped onto the grid prior to the 484 

sample drop (the excess PVP was removed at the time of the sample drop). 485 

 486 

Gas adsorption measurements 487 

Kr adsorption isotherms were measured at –196 °C with an Autosorb-1 488 

physisorption/chemisorption analyzer (Anton Paar). Six 1 cm × 1 cm sheets of RuO2-489 

NST annealed at 300 °C for 10 minutes under air were placed in a glass cell and used for 490 

the surface area analyses. Before the measurements, samples were degassed at 100 °C for 491 

more than 1 hour to remove the adsorbed water and gases on the surface. The surface 492 

areas were calculated from the linear regions of the BET plots (P/P0 � �� �������í������) (see 493 

Supplementary Note 5). To measure the surface area after the Sabatier reaction (at 494 

180 °C for 10 minutes and 46 hours under a gas mixture consisting of H2 (5.3%, v/v), 495 

CO2 (1.3%, v/v), and Ar (93.4%, v/v) under atmospheric pressure) and hydrogen 496 

reduction (at 180 °C for 1 hour under a gas mixture consisting of H2 (5.3%, v/v) and Ar 497 

(94.7%, v/v) under atmospheric pressure), these reactions were performed in the same 498 



 

glass cell. 499 

 500 

X-ray photoelectron spectroscopy 501 

Ex situ XPS measurements were performed at 300 K with monochromatic Al K�.����1486.6 502 

eV) radiation. Ex situ XPS data were obtained with a Quantera SXM (ULVAC PHI) 503 

system and collected at an electron take-�R
u���D�Q�J�O�H���R�I��45° with a pass energy of 26 eV. The 504 

probing depth based on the incident X-ray energy was estimated to be ~5 nm83. To 505 

calibrate the XPS spectra, Au (60 nm) was deposited on both the Ti sample and substrate 506 

so that they were electrically connected. The binding energy axis was calibrated with 507 

sputtered Au (Au 4f7/2 = 84.00 eV) or Ru (Ru 3d5/2 = 280.1 eV). 508 

Data analysis was performed with CasaXPS after background subtraction as 509 

described by Shirley84. All data referring to quantified compositions were estimated by 510 

the relative sensitivity factor (RSF) method85, 86 using RSFs supplied by the manufacturer. 511 

Unless otherwise noted, the quantified compositions were reported as atomic percentages 512 

per element. 513 

For core levels where applicable, the peak asymmetry was defined in the form 514 

of a tail-dampened Lorentzian asymmetric line shape given in CasaXPS by LF (�., ��, w, 515 

m), where �. and �� define the spread of the tail on either side of the Lorentzian component, 516 

m specifies the width of the Gaussian used to convolute the Lorentzian curve and w is the 517 

tail-dampening parameter87. The C 1s and O 1s core level peaks were fitted with a 518 

Gaussian–Lorentzian blend, which was defined in CasaXPS as GL(30)45. 519 

 520 

Operando near ambient X-ray photoelectron spectroscopy and X-ray absorption 521 

spectroscopy 522 



 

Operando NAP-XPS was conducted at the CAT beamline at the BESSY II synchrotron 523 

facility in Berlin, Germany. All measurements, including the vacuum and operando 524 

measurements, were performed at the CAT beamline with the same setup. All core-level 525 

spectra with several photon (and accordingly kinetic) energies were measured. These 526 

peaks had kinetic energies of ~320 eV (the photon energies were O 1s: 850 eV, Ru 3d and 527 

C 1s: 600 eV). The probing depth based on the detected kinetic energy was estimated to 528 

be ~2 nm 83. The pass energy was 20 eV. The photon energy range for the Ru LIII -edge 529 

�;�$�6���V�S�H�F�W�U�D���Z�D�V�����������í�����������H�9�����7�K�H���V�S�H�F�W�U�D���V�K�R�Z�Q���Z�H�U�H���W�R�W�D�O���H�O�H�F�W�U�R�Q���\�L�H�O�G���V�S�H�F�W�U�D; that 530 

is, the electron energy was not selected. The operando experiment was performed at 531 

180 °C under a pressure of 100 Pa (1 mbar) with a flow rate of 10 mL min-1 for a mixed 532 

feed gas ratio of H2:CO2:He = 4:1:5. CasaXPS was also used for analyses. 533 

 534 

Hard X -ray photoelectron spectroscopy 535 

Ex situ HAXPES measurements were conducted at the BL16XU beamline of Super 536 

photon ring at 8 GeV (SPring-8). The setup is detailed elsewhere88, 89, 90. The incident X-537 

ray energy was set at 7942 eV. The probing depth based on the incident X-ray energy was 538 

estimated to be ~22 nm83. The photoelectrons were measured with a hemispherical 539 

analyzer (Scienta R4000). The take-off angle was 80°, and the angle perpendicular to the 540 

surface was defined as 90°. The data were analyzed based on theoretical atomic partial-541 

shell photoionization cross-sections91. Recently, empirical RSFs have been reported for 542 

synchrotron-based HAXPES using polarized X-�U�D�\�V���Z�L�W�K���S�K�R�W�R�Q���H�Q�H�U�J�L�H�V���R�I�����í�������N�H�992. 543 

However, the sensitivity factor depends on the given X-ray photon energy, X-ray 544 

polarization, and instrument geometry. Therefore, we used the cross-sections at 8047.8 545 

eV (close to the incident X-ray energy of SPring-8) calculated by Yeh and Lindau with 546 



 

the Hartree-Fock-Slater one-electron center potential model (dipole approximation)91 for 547 

quantitative analyses of the Ru 3d and O 1s HAXPES spectra measured at SPring-8. All 548 

the deconvoluted Ru 3d and O 1s HAXPES spectra and details of the analysis are 549 

summarized in Supplementary Figs. 16-22 and Supplementary Tables 14-27). 550 

 551 

TPR measurements 552 

TPR was performed with a differential reactor connected in-line with a quadrupole mass 553 

spectrometer (QMS, Pfeiffer, PrismaPro QMG250) to precisely determine the reaction 554 

rate. In our experiments, the CO2 conversion rate was approximately 6% or lower. The 555 

RuO2-NST catalysts were transferred onto a polyimide film substrate and set in a ceramic 556 

heater. The Ru powder was transferred onto a polyimide film in a container (1.5 cm × 1.5 557 

cm × 0.2 cm) made of a Ti plate (t = 0.10 mm). Thermocouples were contacted with the 558 

catalyst, and the temperature was monitored. After evacuating the reactor at < 200 Pa, a 559 

reaction gas mixture consisting of H2 (5.3%, v/v), CO2 (1.3%, v/v) and Ar (93.4%, v/v) 560 

was introduced with a 75 sccm total flow rate, and the pressure in the reactor was adjusted 561 

to 106 kPa. The TPR measurements were performed from room temperature to 300 °C 562 

(heat ramping rate: 5 °C min-1). The red solid line in Fig. 2j shows the average value for 563 

10 runs with RuO2-NST. Average data values were added at specific temperatures. To 564 

analyze the gas components in the reactor online, the product gas stream was measured 565 

with an in-line QMS via a VAT valve. The pressure of the QMS chamber was kept at 5.00 566 

× 10-4 Pa, and we monitored m/z = 2 (H2), 15 (CH4), 18 (H2O), 28 (CO and N2), 40 (Ar), 567 

and 44 (CO2). The amount of CH4 produced in the reaction gas was calculated from a 568 

calibration curve containing a mixture of gases with known concentrations of CH4. The 569 

validities of the measurements were confirmed by gas chromatography (GC). The product 570 



 

gas stream was collected with a gas bag and analyzed off-line with a barrier discharge 571 

ionization detector (Nexis GC-2030, Shimadzu) (H2, CO, CO2 and CH4). The specific 572 

mass activity (mmolCH4 h-1 gcat
-1) was calculated based on this analysis (see 573 

Supplementary Note 5). 574 
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