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Abstract

Water is crucial in space missions, and developing lightweight;gediorming catalysts
for water recyclings essentialExtensive research on nanosized and even satgla
catalysts supporteoin oxides has been conducted for this purpose. Howthepxide
supports usually constitute over 90% of the total masthe catalysts arbeavy. Here,
we fabricated a light, fibrous Ruanostructured textile consisting solely of RuO
nanoparticles (NPsWwhich did not requirean oxide supportand evaluated it in the
Sabatier reactiorfor water recycling Remarkably, this suppeftee catalyst textile
displayedan unprecedented catalytic mass activity (~60 nomoh™® geai® at 160 °C)
which wasapproximately 20 times higher thamat of a previously reported Ru/Ti©
catalyst and thehighest TOF (0.021 & at 160 °C). Although wetknown catalyst
degradation was observed during prolonged testing,pdr®rmance of thdextile
remained exceptional even after 46 hours of continuous operAtidetailed surface
analysis unveiled phenomena such as Rtgduction, nanoparticle growth, surface
smoothing, and Ru loss during the reaction, contributing to degradation. We expect that
addressing these intrinsic and thermodynamically driven phenoméhamprove

activity and durability.

Introduction

Securingwater is a critical challenge in the vast expanse of space for manned space
exploratiort. A portion of this water is produced by the Sabatier redcfioch? a process

that involves reacting carbon dioxide, which is exhaled by humans, with hydiegen

1).

CO:+4H 2CHs+ 2 H0: O+ f i N-1PIR O



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

The amount of water needed increases in proportion to the number of people involved in
the mission, and so does the quantity of catalmtiirefor water generatiofFig. 1a).
Therefore, there is a strong demand to maximize the activity per unit weight afahest
or mass activity,to reduce the necessary amount of catalyst, as in many other
heterogeneous catalytic processes

A variety of nanoscalmetatbased oxidesupported catalystsuch ashose with
inexpensiveransition metalgNi® 7+8 910 Cgtl: 12.13. 49nd F&> 16 1J and platinum group
metab (PGMs, Rut® 19 20, 21, 22p¢3, 24, 25 pdh 26, 2§ gn oxide supportshave been
investigated for use in this reactt&nAmong these catalysts, thosentainingRu are
known for their excellent catalytic efficieies, as summarized irFig. 1b, which
compares the catalytic actids of Ru- and Nibased catalystsn various oxide supports.
For example, Kwak andoworkers demonstrated high specific activity Ru/Al>Oz (75
mmolkra W geat? at 320 °C¥2 Xu and coworkers demonstrated good catalytic activity at
even lower temperatures34.5 mmatoz ht geai* at 200 °C with Ru/Ti®), which is
among the highesictivities reported thus far for this temperature r&hdde benefit of
utilizing Ru-based catalystBes in the high activity at low temperatui@nd limited
generation of toxic CO due to tlkempetitive side reaction known as the reverse water
gas shift reaction (RWGS, Eq.22)

COz+ Hz ?2CO + HO: (H° =+41 kI molt  (2)
Nevertheless, further improvementtiremass activity is desired to meet future demand,
especially when theaterialweight or volume mattersuch asn spaceamissionswhich
require launchindghe materials imo spacé’. To visualize theffectof the difference in
mass activity,Fig. 1b also depicts how the operating temperature and catalyst mass

activity influence the launch cost thfe catalystised in converting 7 kg of G@xhaled
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by 7 crew members per day, taking the International Space Station (ISS) as pleexam
(Fig. 19). To treat this amount of GOapproximately 2.7 kg of stateof-the-art catalyst

is neededvhen it is operated at thew temperature af60 °C®. The requirechmount of
catalyst increaseproportionally as the number of people stgyin space increases,
which is theintendedscenaridfor future space missioffs2 thus,reducing the amount

of catalystheededs tremendously importan@ne way to reduce the catalyst requirement
is to increase the operational temperatanel achieve higher activity. However, the
temperature increaseuldalso increastheproduction of toxic CO antheenergy input,
solight catalysts that workt low temperatures ane high demand.

To achieve such light weight highly actigatalyst we focus on the fact thtte
oxide supports usually constitute over 90% of the total madsnvestigate the possible
way for reducingatio of support material without sacrificing catalytic activity this
study, we demonstrate that Ru@anoparticles NP9 can be integrated into a fibrous
textile witha high specific surface area withcar oxide support by sputtering RuOn
anonwoverpolymer textilé3, The drastic improvemenrggerin the catalyst mass activity
were achieved by avoiding the use of oxide supports, wimbally account for more
than 90% of the total catalyst weigfht!® 20 22, 34 35 36, 33\Ne also demonstrate
unprecedented catalytic activity relative to the total weiddyt using RuG-
nanostructured textileNST), which alsoshowedthe highest turnover frequency@F),
which defines how mangatalytic cyclesoccuron a single cite parmnit time.

Furthermore, usingarious surface sensitive techniques, such as field emission
scanning electronmicroscopy (FE-SEM), highresolution transmission electron
microscopy (HRTEM), operando neambient pressure -¥ay photoelectron

spectroscopy (NARXPS) and hard »ay photoelectron spectroscopy (HAXPE®E



96 unveil dynamic changes ithe morphologyand oxidation stat®f the RuQ during
97 prolonged reactisover severaens ofhoursin this studywhichwererarely done before
98 and arenot knownwell. Thechangesobservedcould be the reason faine well-known
99 performance degradatiseenduring longterm Sabatiereactiong®, which is essential
100 information for further development of actied durablecatalystsfor the Sabatier

101  reactionfor manned space exploration.
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110 Fig. 1 Current status of Sabatier reaction catalystschallenges and opportunities.

111  a Schematic illustration of the Sabatier reaction used to convert 7 kg 0é1@i@ed by

112 7 crew members/day in the 1SI5.Specific mass activity of the catalyshcluding the

113 support (mmans ' geai?), plotted vs. the operating temperature for the RNOT

114  catalyst (this work) and conventional Rand Nisupported catalysts for the Sabatier
115 reaction. Solid lines between the data points for the same catalyst were addelgss gui
116  The numbers in the graph indicate the entry numbe8&ipplementary Table 1 The

117  first right axis shows the catalyst weight needed to completely convert 7 kgooT 6
118 launch cost was approximately 2.6 toKL®SD/kg in 2016°. See als®Gupplementary

119 Note 1and2.

120

121  Results

122  RuO2-NST structure and electronic states
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Figure 2ashows a scheme fdine preparation dhe suppored Ru-NST, which involved
electrospinning ofa watersoluble polyvinylpyrrolidone (PVP) polymer followed by
sputteringwith Ru under pure Ar. The prepared-Boated PVP nanofiber textile was then
soakedn water to dissolve the PVP and transferred onto a polyimide film subdtrate.
this process, Runanoparticles are interconnected with each other, forming a finely
integrated selhssembled architecturelhe polyimide film was used to enable
measurements iadifferential reactorfor precise catalyst performance evaluasicand
thus, any other substratesuld be usedeven on curved surfaces such as the internal
walls of the reactorThe NST was theannealedat 300 °C in air to completely remove
thePVP used as a templaWe referto this annealed NST &uQO-NST hereafter, as we
will showbelow that itwasmade of rutile Ru@ Fig. 2b-d showsthe FESEM images

of the annealed NSTRuG-NST had randomly overlapping and interconnected fiber
with diametes of 380 nmoriginating from the PVP nanofiber textileRig. 2b). Small
protrusions were observed on 8pitterdeposited sideas shown irfFig. 2c On the back
side, a groovevasproduced by dissolution of the PVP polymer usetthatemplate Fig.

2d). HRTEM revealed that the small protrusion consisted of NPs measuring ~6 nm in
diameter(Fig. 26, and it comprised crystallimatile RuQ with P42/ mnmsymmetry Fig.

2f). We observed the (110), (200), (210), and (211) plaseshown in the HRTEM image
andthe electron diffraction (ED) patteriify. 2f). Figure. 2g shows the annular dark
field scanning TEM (ADFSTEM) image.This clearly indicatedthat the NPs were
bonded through domain boundaries. Interestingly, the topmost surface atoms were not
aligned wellwith the second layer from the surface atomic laged some atoms were
not intheplane owerecorrugatedas seen in the magnified image; tisisinique to NST

and consistenwith previous resulf8. Figure. 2h compares thex-situ Ru 3d XPSdata
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for RUNST (asprepared) andhe RuQ-NST formed after annealindhe spectrum of
the asprepared NSTFig. 2h, lower)includedtwo peaks correspondirtg Ru metal (Ru
30k, 280.10eV)38 39 40, 41, 42\which are the same values reported previoWsty also
foundthecontribution from RU@(Ru 3d2, 280.74 eV 42 43 4tthesatellites (Ru 3sk,
280.64 eV)®, 1f-cusRu (Ru 3dp, 280.45 eV 42 which is the undercoordinated
surface Ru atoms (onefold coordinatively unsaturated site) on the(RL@) RuOy (Ru
3k, 280. i 60 eVl 42 47which is O-rich states with poorly defined structure
called surface oxidess well aarbonand their oxygenatecbntamination®: 4% These
carbon impurities are thought to originate from PVP or partially decomposed PVP
remaining on the top surface of the NSDgconvolution of the spectrum revealed that
the Ru metal content w&€%, and thexidizedRu content wa50%, indicating thahalf

of the surface Run the asprepareeNST was oxidized upplementary Fig. 1
SupplementaryTables 24, andSupplementary Note 3. In contrast, the anneal®5T
(Fig. 2h, upper,Supplementary Fig. 2and Supplementary Tables 5 and 6) included
four peaks correspondingainly to RuQ and the satellites, respectively. The spectrum
wasdeconvoluted into peaks for BuRuQ, thesatellites, 1fcusRu, RuOy, carbon, and
their oxygenated contaminatioi$e deconvolution results revealed that the sample was
oxidized and consisted @8% oxidizedRu and 26 Ru, whichwas consistent with the
HRTEM imagein which we observed rutile ReOn generalthe catalyssurface area is
proportional tathe catalytic activity if the NPs are not too small, i.e., below ®nivith
BrunauerEmmett-Teller (BET) measurements aadalyseswe estimated the specific

surface areaSer) and found that RUENST had a large surface area of 29 5gmit

(Fig. 2i).
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Fig. 2 Characterization and catalytic evaluationof the Sabatier reaction with RuQ;-

NST. a RuG-NST transferred onto the polyimide film and schematic illustrationiseof
NST catalyst and conventional metal and/or metal egiggorted catalysb-d FE-SEM

and HRTEM imagese] of RuQ-NST after annealing at 300 9@ air. The inset in &)
shows the particle size distribution. The number of counted particles wa$ E&D.
pattern obtained for the area circled with the red line in the itteslfller indices and
correspondingd-spacing are summarized Bupplementary Table7). g ADF-STEM
image of RU@NST after annealing at 300 i€ air. h Ex situ Ru 3d XPSpectra of Ru
NST (asprepared) and RUENST (afterannealing. The O/Ruindicatesthe ratio of O
relative to Rywhich wascalculated from the areasalf Ru 3dpeaksandtheO 1speaks
related to oxidized Ru componeiftiseex-situ Ru 3dand O 1s XPS spectra are shown in
Supplementary Figs. 1land2). The open circles, the dashed lines, and the solid lines
show the raw XPS data, the Shirley background, and the fitting results after the
deconvolution, respectively. The solid vertical lines (orange and blue) correspond to bulk
Ru and Ru@, respectivelyDeconvolutiorof theex situ Ru 3d and O 1s XPS spectral
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details of the analysisare summarized inSupplementary Figs. 1and 2 and
Supplementary Tables3-6. i Kr adsorption isotherm. The Kr isotherms were measured
for 6 samplesand error bars are showhsolid line between the data points was added
to guide the eye. The inset picture shows the samplemeasuring glass tubgTPR
profiles for CH; in the Sabatier reaction arige CHs4 selectivity. Solid lines were added

to guide the eyelhe insetfigure shows the enlarged profile and error bars at 90 °C to
210 °C Scale bars inb(andd); 500 nm, €); 50 nm, €); 10 nm, inset image off); 200

nm, @); 1 and 0.5 nm for the upper and lovireages

Catalytic performance

Figure. 2] showsthe results ofa temperaturgorogrammedreaction (TPR)with the
Sabatier reaction usiriguO-NST in a differential reactorvhich is designed to measure
low conversionso enabledirect measurement tifiereaction rates on the catalyst surface
(Supplementary Fig. 3. As the temperatumgasincreasedtheamount ofCHs produced
increased. The activity reached single digitsnimolkcns h! geai at 100 °C, which was
only possible above 160 °C before using the sbétart catalystas mentioned above.
The activityexceeded ~ 6@nmokra h! geai? at 160 °C, which was approximately 20
times greater than that of the previously reported-statiee-art Ru/TiQ catalyst®. This
means that our strategy of using a supfred textile catalyst instead of oxide supports
has achieved unprecedented mssscific catalytic activity,marking a significant
advancement in the field. The TOF reached D.§2at 160 °C, whichwasamong the
highest reported thus fasgeSupplementary Note4 for how we calculatel TOF). The
specific activity increaseftirtherto ~2000mmokna h* geai* at 300°C. At approximately
this temperature, thBWGS became significant, and CO was producEdy.(2j). We
detected no CO gas below 150 °C. Above 150 °C, CO was produced and deticted
high-end system, but the reaction still exhibitekdigh CH: selectivity of over 99.0%ip

to 225 °C. To our knowledge, the TOfsenfrom 100 to 200 °C were higher thrmose

of the stateof-the-art supportedRu catalyst
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Fig. 3 _Changes in the surface state and structure from RuQ to Ru during the

Sabatier reaction. a Long-term durability testof the RuQ-NST catalyst at 120 °C
JUHHQ f& RUDQJH DQG f& UHG WRWLWN\ LNKRMXRZQ

as a function of time after reaching the specified temperature. Solid leresagded to

guide the eyeb-c Operando Ru 3d and O 1s XPS data for different reaction tirhes.

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

a flow rate of 10 mL min for a mixed feed gas ratio of2KOx:He = 4:1:5. The open

circles, the dashed lines, and the solid linesbimr{dc) show the raw XPS data, the

Shirley background, and the fitting results after the deconvolution, respectively. ithe sol

vertical lines (orange and blue) im) correspondto bulk Ru and Rug) respectivelyThe

solid vertical blue line ind) corresponddo the lattice O in Ru@. The deconvolued

operandoRu 3d and O 1s XPS spectra and detailthefanalysisare summarized in

Supplementary Figs. 46 and Supplementary Tables8-13 d Operando Ru-edge

XAS spectra of RUeNST. The operando experiment was performed at 180 °C theer

same conditions as the operando NAPS. e ED patternseenafter 10 minutes of the

Sabatier reaction at 180 °C. Scale bahiinset image ofd); 200 nm.

While we observed improvement the catalytic activity with high TOF, we
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unfortunately observed a wdhown decrease in performanauring longterm
experimentexceedindens of hours aheSabatier reactigreven for this textile catalyst
Fig. 3acompares the specific activities at 120 °C, 160 °C, and 180 °C. As seen in the
figure, the mass activityasstill the highest aftethe durability test for all the tested
temperatures, but we observed a change in the specific activity within arFigpusg
Region |). It thenbecamerather stabldut keptdecreasing, similar tprevious reports
(as shown irRegion 11)% 3% 52.53|n consideringhis welkknown degradation, there are
several cause® considerincludingchangesn thesurface chemical stafésaggregation
of theNPs 35 carbon deposition (observed for the Ni catalystjandlossof some Ru
species undedhese conditior$' >3

To identify strategiedor improving durability, it is essentiato investigate the
process occurring ooatalystsduring the reaction Thus,we first performed operando
XPS studie¥’ 58 59 60. 61,62, 631 jnvestigatethe changes in chemical stateksurface
speciesFigure 3b and3c present a comparison of the operando Ru 3d and O 1s XPS
spectra obtained before and during the reaction at 180 °C, measured using {K€ SIAP
techniqué?* 55 56.67.88nitially, two peaks corresponding to Ru®ere observed. Within
20 minutes, a change in the spectrum was noted, indicating the reductionabFRuD
Subsequently, the peak position remained stable as shoWwig.irBb. However, the
intensity of the O 1s peak, centered at.83@V (attributed to lattice O in Ru{reference
value 5295 eV)®, decreased during this period, as evidencdéign3c This decrease
indicated that surface reduction occurred during the reaction, starting at the ver
beginning of the measurement, which aligns with the known fact that Rud®rgoes
reduction at approximately 140 °C in a hydrogen atmosphérsimilar observation was

made using operando -pay absorption spectroscopy (XAS), which offers greater
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information depthFigure 3d presents a comparison of the operandd_Rtedge XAS
spectra of RUONST before and during the reaction. The white line peak shifted from
2841.6 eV for Ru@to 2839.4 eV for R¥f. Additionally, no change was observed between
20 minutes and 3 hours. This is consistent with our &S results, suggesting that the
surface was completely reduced to form Ru.

The formation of Ru was also supported by the electron diffraction (ED) pattern
for RUG-NST after running the Sabatier reaction at 180 °C for 10 minktgs3e. In
the pattern, we observed the (100), (002), (101), and (110) lattice fringes of héxagona
closepacked (hcp) Ru metal witP6s/mmcesymmetry. Similar patterns and lattice fringes
were also noted for NST after a reaction at 180 °C for 46 h8uggp{ementary Fig. 7.

To investigate nanoparticle (NP) aggregation or changes in diaoidté} we
examined the surface in detaising FESEM (Fig. 48). No significant differences in
particle sizes, shapes, or gaps between NPs were observed at this resolutioripteth be
and after reactions run for 10 minutes and 46 hours. The ratios of colored areas
representing gaps between NP$ig. 4bto the total area were between 0.33 and 0.35,
as summarized iRig. 4¢ showing no significant change pastctionHowever, a closer
HIDPLQDWLRQ ZLWK +57(0 UHYHDOHG SDQ® LFOQR DRZWWH V
reactions for 10 minutes and 46 hours, respectiVaty 4d andSupplementary Fig. §.

This was confirmed by measuring the outer diameters of over 100 patrticles iardiffe
areas of the TEM images. Alongside NP growth, the crystal surfaces bevaiher

(Fig. 46, indicating thermodynamic driving forces behind this growth. Despite the
growth, the crystal surfaces showed no significant differences even after 46 hours,
compared to the sample tested after 10 minutes of rea&implementary Fig. 9. As

the NPs increased in size, there was a decrease in the total surface area o}t RuO
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sample. Specifically, the surface areaeduced from 70 cm? to 57 cm? after 10 minutes,
and further decreased to 48 cm? following 46 hours of reaction, as shéwgn #41.

As mentioned above, the accumulation of carbon on the surface could be one of
the possible reasons for degradation. Howevermet were naevidentsigns of carbon
depositionas observed in previous Hupported catalystésee Supplementary Fig.

10).% 6As for theloss of Ry our ICP-OES measurements revealed that approximately
28% of the Ru in RUGNST was lost after 24 hours of reaction (Sepplementary Fig.
11). This finding aligns with a previous report that observed similar behavior in a

ruthenium carbide catalyst at 160°2Gind Ruencapsuled metal organic framework

catalystat 225° C*2. These results suggest that three phenomena occur simultaneously,

aside from carbon accumulation on the surface: the reduction of tBURY, a decrease
in surface area, and thessof Ru during the reaction, all of which could contribute to
degradation at this temperature.

To furtherinvestigatehow the reduction of the surfaiem RuQ to Ru impact
on catalyticactivity, we prepared RMST with atotal surface area close to that of RuO
NST. Specifically, it was 65 cm?, slightly smaller than the 70 cm?2 of.2RN®T but still
within the margin of error, as shown Supplementary Fig. 12 This was achieved by
reducing RU@NST with hydrogen at 180 °C for a duration of 1 hdsmgplementary
Fig. 13). We then compared their catalytic activities using TPR. The results shioated t
RuQ-NST exhibited over twice the activity at 100 °C compared teNSd, confirming
its superior catalytic performance, as sedrign 4g Given that the difference in the total
surface area between Ru and RINBT is small, a decrease in surface area is unlikely to
be the primary cause of the observed performance difference in Ru aptNBUiCRather,

the reduction in oxygen concentration emerges as a more straightforward factor to
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Fig. 4 Morphological changesoccurring during the reaction. a FE-SEM images of

the RuQ- NSTsbefore (left) and after reactisat 180 °C for 10 minutes (center) and 46
hours (right).b Binary images ofd), highlighting the open areas between the NPs.
Ratio of the open area to the total area)nd HRTEM image of RU@NST after reacting

at 180 °C for 10 minutesS(pplementary Fig. 8shows the NPs after 46 hours of the
reaction). he insetshows the particle size distribution of the Ru NPs. The number of
counted particles was 218ADF-STEM images of RUGNST after reacting at 180 °C
for 10 min Supplementary Figs. 7and9 showthe ED pattern and the ADETEM
images of RUNST after 46 hours of the reactioh)lotal surface areas of NST before
(red) and after the reaction (180 °C for 10 minutes, blue; 46 hours, green). The total
surface areas were obtained by multiplyihgSser by thesample weightand error bars

are shown. The Kr adsorption isotherms were measured for two samples. Thenisother
and Sget values forRuQG-NST after the reaction (180 °C for 10 minutes and 46 hours)
are shown inSupplementary Fig. 14 g TPR profiles produced by RuST with
different oxidationstates (annealedlack; asprepared, red; hydrogeeduced, blue).
Solid lines were added between the data points to guide th8@je.bars ina); 50 nm,

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

N
o

Total surface area of
NST (cm? sheet™)

o

From a practical standpoint, determining the onset temperature at which oxygen
loss begins is crucial. To elucidate this, preparedRuG-NSTswhich wereused for

Sabatier reaction at various temperatuaes, examined the oxygen concentrafamnthe
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samplesusing ex situ HAXPES with synchrotron radiation at SR8ng Japan as shown
in Fig. 5ab. At 60 °C,the composition waalmost stoichiometric (O/Ru =98), but as
thetemperature increasgithe O/Ru decreasgdnd we found that the reduction of RO
NST started at 80 °@yhich wasmuch lower than the temperature previously repétted
This was provenvith electron energy loss spectroscopy (EEfd#)he RuQ-NST after
Sabatier reaction 80 °C, which revealed the presence of Rafid Ru in different areas
of the ADRSTEM imagess shown irBupplementary Fig. 15 The O/Ru ratio dropped
to 020at 120 °C and decreased further tb3at 180 °C, as shown fg. 5¢ Although
the exsitu Ru 3d HAXPES spectra remained nearly unchanged along wittuthé&on
of Sabatier reactioat 180 °C Fig. 5d), the O/Ru ratio for those samples wgradually
reducedrom 013to 0051at 180°C (Fig. 5¢). We observedubtle changes in the-situ

O 1s HAXPES spectra attrilalile to the consumption of oxygen speciggch asO
adatoms and O subsurfacexf@nd Qur), and OH on Ru during the reaction as shown in

Fig. 5f.



373
374
375
376
377
378
379
380
381
382

383

384 Fig. 5 Surface chemical statepresentafter reactions at different temperatures. a

385 andb Ex situ Ru 3d and Qs HAXPES spectra taken after the Sabatier reagtes

386 stopped uporeaching the specified temperatures. These reactions were performed under
387 thesame conditions as the catalytic activity $eskcept for the ramping rate {C min

388 1). Thex in thefiguresindicatesthe ratio of O relative to Ru estimated fraih Ru 3d

389 peak areaand O lgeak areaselated to oxidized Ru and by applyitigeoretical cross
390 sections for Ru 3d and O 1s at 8047.8(se& Methods). The solid vertical lines (orange
391 and blue) ind) correspond to bulk Ru and Ry®@espectivelyThe solid vertical blue line
392 in (b) corresponds to lattice O in Re@ Change in the number of RU@NST before

393 (red) and after the Sabatier reaction (&) orange, 8CC; yellow, 120°C; blue, and
394 180 C; purple).d Ex situ Ru 3dHAXPES spectra taken after the Sabatier reaction at
395 180 T for the specified timeg.Change in th& number of RUQNST after the Sabatier
396 reaction at 180C for the specified time$.Ex situ O 1s HAXPES spectra taken after the
397  Sabatier reaction at 18C for the specified time3.he open circles, the dashed lines, and
398 the solid lines ind, b, d, andf) show the raw XPS data, the Shirley background tlaed
399 fitting results after the deconvolutiprespectivelyThe deconvoluted ex situ Ru 3d and
400 O 1s HAXPES spectra and details of the analysis are summari&dopiementary

401  Figs.16-22andSupplementary Tables14-27
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Discussion
Our strategy of using a suppdree textile catalyst instead of oxide supports has achieved
unprecedented maspecific catalytic activityand TOFE Through intensive analyses, we
have identified a threfold phenomenon at 180 °C, a relatively low operating
temperature: the reduction of RuO2 to Ru, a decrease in surface area, and theuoss of R
during the reaction, all of which could contribute to degradaiMandiscovered that RuO
begins to lose oxygen at approximately 80 °C in the Sabatier reaction environment,
resulting in decreased catalytic performan€his becomes particularly critical for
Sabatier systems operating at temperatures above this threshold. gy stratabilize
oxygen atoms would involve introducing oxyphilic elements to form stable oxides
resistant to reduction in this environment. The introduction of oxyphilic elements and the
creation of multiphase structures are expected to play a role in stabilizing oxiyigien w
the catalyst matrix. For example, oxides comprising Ru and hetero elements such as Ag
and Yttrium may be potential optiodhs'® 3 "4 Although not with Ru oxides but with Ru,
there are cases where high performance is obtained in the presence of TEQ
coexisting with Ru, as evidenced in referen@¥" > 76 "' Thus, introduction of Ti and
Ce could be considered as one direction to putsay case, there is limited information
on whether these oxides camaintain their stability for several hours during the Sabatier
reaction or up to what temperature they can withstand. For the design of catalysts that ca
operate stably and maintain high performance at elevated temperatures, unrav&ing the
aspects is considered essential.

In summary, we investigated suppfde and lowmassRuQ, catalyss and
obtainedthe highest cataltic massactivity and TOFover awide temperature range.

Although thewell-known performance degradation was observed attemy durability
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test, the activity was still the highe&to further improve the catalytic activjtand
durability especially at temperature above°8Y) introduction of oxyphili@lements was
discussedWe bypased the need for support oxidesing NST, bwever, thisdoes not

rule out the potential of employing other physical or chemical vapor deposition
techniques or wet chemical methods to attach or introduce different matatalts \0/e
expect that these surface modificationsuld mitigate the common degradation issues,

therebyfurtherimproving the activity and longevityf catalyst

Methods

Materials and chemical reagents

PVP (Mw = 1,300,000 g m8l ZDV SXUFKDVHG IURP 6LJPDA$SOGULFK
purification. Dehydrated methanol was purchased from FUJIFILM Wako Pure Gliiemic

CorporationMilli -Q water was used for the sample transfer process.

Preparation of the PVP textile and NST

We preparedhe RuQ-NST catalyst in two steps by electrospinning a watduble PVP
polymer followed by metal sputtering. PVP (3.20 g) was dissolved in dehydrated
methanol (36.8 g, 8 wt%). A 6 mL syringe with an inner tip diameter of 0.5 mm was filled
with the solution. A constant voltage of 1 kV &mvas applied between the tip and a
metal foil collector, with a distance of 15 cm between them. The solution feedaat
maintained at 1 mL H for 24 minutes (0.4 mL of PVP solution was fed). PVP nanofibers
with an average diameter @70 nmwereproduced under these conditidhs® ’° &Ru

was then deposited on the top surface of the PVP textile an@egon atmosphergith

a commerciatlesktop ion coater (MC1000; HITACHI Higfechnologies). The chamber
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was first evacuated to 6.0 Pa, and then Ar was introduced as the sputtering gas. The
pressure was maintained at 7 Pa during sputtering. The amounts of materialedeposit
were monitored witla quartz microbalanc&he amount of Ru in RINST was analyzed
ZLWK LQGXFWLYHO\ FRXSOHG SODVPDARSWLFDO
(PS3520UVDD II; Hitachi HighTech). A 1 cm x 1 cm sheet of RIST@PVP was
punched out and then immerdadvater for PVP removal. The RNST was scooped up
with a polyimide film (Kapton®, 0.50m). To completely remove the residual PVP, the
sampleswere annealed at 300 °C for 10 minutes on a hot plate in air. Oxidative
decomposition of PVP has been reported under these contlitfdrighe resulting sample
was referred to as RUST.

Hydrogenreduced RU@NST was prepared by reactingas mixture consisting
of H2 (5.3%, v/v) and Ar (94.7%, vhih a differential reactor. ThHRuG,-NST transferred
onto a polyimide filmvasseton a ceramic heatghe thermocouples were contacted with
RuG-NST, and the temperature was monitorfier evacuating the reactor at < 200 Pa,
the reacntgas mixture was introduced with a 75 standard cubic centimeters per minute
(sccm) total flow rate, and the pressure in the reactor was adjusted to 16fy&fgen
reduction was performed from room temperature to 18th&@atingramping rate: 1 °C

min't) and continued for 1 hour at 180 °C.

Electron microscopy

The FESEM studieswere performed with a Hitachi 5500 microscope operated at
DFFHOHUDWLRQ Y RTO&RDQMNST Britheipolyihfile film was observed
directly. To obtain the back side imagke following sample preparation process was

applied. The sample on tpelyimide film soaked in water was scratched with a spatula,

HPL)
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and a dispersion containing the flaked film was sonicated fin@tes The dispersion
was drpped omo a Cu micro grid (200 mesh) witncarbon netwith hole diameters of
approximately 1.8 m) and dried at room temperature. HRTEM and ADFEM
observations, ED measurements, and EELS analysis were carried caf&®dh JEM
ARM200F microscope equipped withGatan GIF Quanturat an acceleration voltage
of 200 kV. To obtain the image of Re® ST, thefollowing sample preparation process
was appliedA sample orthepolyimide film soaked in water was scratched with a spatula,
and the dispersion containing the flakes plasedonaPt grid (180 mesh) and then dried.
To fix the flaked sample pieces tre Pt grid withouta carbon net, PVP was usedthe
adhesive. An 8 wt% PVP solutian methanolwas dripped onto the grid prior to the

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

Gas adsorptionmeasurements

Kr adsorption isotherms were measured &t96 °C with an Autosorb-1
physisorption/chemisorption analyzer (Anton Ba&ix 1 cm x 1 cm sheets GuQx-
NSTannealed at 300 °C for 10 minutes under air were placed in a glass cell and used for
thesurface area analyses. Before the measuransamhples were degassed at 100 °C for
more than 1 hour to removbke adsorbed water and gases on the surface. The surface
areas were calculatéfidom the linear regions of the BET plotB/Po i ) (see
Supplementary Note5). To measurdhe surface area afteghe Sabatier reaction (at
180 °C for 10minutesand 46 hoursinder agas mixture consisting of H5.3%, Vv/v),

CO2 (1.3%, viv), and Ar (93%, v/v) under atmospheric pressure) and hydrogen
reduction (at 180 °C for 1 hour undegas mixture consisting of H5.3%, v/v) and Ar

(94.7% v/v) under atmospheric pressure), these reactions were performed in the sam
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glass cell.

X-ray photoelectron spectroscopy

Ex situ XPS measurements were performed at 300 K with monochromatic AUE6.6
eV) radiation Ex situ XPS data werebtained with a Quantera SXM (ULVAC PHI)
system andollected at an electron talkie u D Q H6°MitRd pass energy of 26 eMhe
probing depth based on the incidentray energywas estimated to be ~5 finTo
calibrate the XPS spectra, Au (60 nm) was deposited on both shenple and substrate
so that they were electrically connect@the binding energy axis was calibrated with
sputtered Au (Au 4f, = 84.00 eV) or Ru (Ru 3d = 280.1 eV).

Data analysis was performedth CasaXPS after background subtraction as
described by Shirlé§. All data referring to quantified compositions were estimated by
therelative sensitivity factor (RSF) metHSd®using RSFs supplied by the manufacturer.
Unless otherwise noted, the quantified compositeaereported as atomic percentages
per element.

For core levels where applicabtae peak asymmetry was defined in the form
of a taikdampened Lorentzian asymmetric Istgape given in CasaXPS by LE (, w,

m), where. and define the spread of the tail on either side of the Lorentzian component,
mspecifies the width of the Gaussian used to convolute the Lorentzian cumweasahe
tail-dampening parametér The C 1s and O 1s core levpeakswere fitted with a

GaussianLorentzian blendwhich was defined in CasaXPS as GO)™.

Operando near ambient Xray photoelectron spectroscopy and Xay absorption

spectroscopy
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Operando NAPXPS was conducted at the CAT beamlineh&BESSY Il synchrotron

facility in Berlin, Germany. All measurementscluding the vacuum and operando
measurementsyere performedt the CATbeamline with the same setuyll core-level

spectra with severgdlhoton(and accordingly kinetic) energies were measufdukse

peaks had kinetic enaegof ~320 eV thephoton enengs wereO 1s: 850 eV, Ru 3d and

C 1s: 600 eV) The probing depth based on ttetectedinetic energywas estimated to

be ~2 nnf. The passnergy was 20 eV. Thehotonenergy range for the Ruj-edge

;$6 VSHFWUD ZDV i H9 7KH VSHFWU\DL V&R &6 HHW H DV R
is, the electron energy was not selected. The operando experiment was performed at

180 °C under a pressure of 100 Pa (1 mbar) with a flow rate of 10 mtfaria mixed

feed gas ratio of HICOz:He = 4:1:5. CasaXPS was also usedafualyses

Hard X-ray photoelectron spectroscopy

Ex situ HAXPES measurements were conducted at the BL16XU beamline of Super
photon ringat8 GeV (SPringB). Thesetupis detailed elsewhef® 8 The incident X-

ray energy was set at 7942 @¥ie probing depth based on the incidentay energywas
estimated to be ~22 rih The photoelectrons wemmeasuredwith a hemispherical
analyzer (Scienta R4000). The taif® angle was 80°, anithe angle perpendicular to the
surface was defined &)°. The data were analyzed basedtlo@oretical atomic partial

shell photoionization crossectiond!. Recently, empirical RSFs have been reported for
synchrotronbased HAXPES using polarized XD\V ZLWK SKRWRQ HOHUJILHV R
However, the sensitivity factor depends on the givenray photon energy, Xay
polarization, and instrument geometry. Therefore, we used thesgossns at 8047.8

eV (close to the incident-Xay energy of SPring) calculated by Yeh and Lindauith
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the Hartree~ock-Slater oneelectron center potential model (dipole approximatibioy
quantitativeanalyse®f the Ru 3d and O IHAXPES spectra measured at SP¥81¢\ll
the deconvoluted Ru 3d and O 1s HAXPES spectra and details of the analysis are

summarized irBupplementary Figs. 16-2AndSupplementary Tables14-27).

TPR measurements

TPR wasperformedwith a differential reactor connectedline with a quadrupole mass
spectrometer (QMS, Pfeiffer, PrismaPro QMG250) to precisely deternenediation
rate. In our experimegtthe CO, conversiorrate wasapproximately6% or lower. The
RuQ:-NST catalysts weréransferred onto a polyimide film substratedset in a ceramic
heater. The Ru powder was transferred onto a polyimide filmeamtainer (1.5 cm x 1.5
cm x 0.2 cm) made of a Ti plate<0.10 mm). Thermocouples were contacted with the
catalyst and the temperature was monitored. After evangatie reactor at < 200 Pa, a
reaction gas mixture consisting of £5.3%, v/v), CQ (1.3%, v/v) and Ar (93%, v/v)

was introduced with a 75 sccm total flow rate, and the pressure in the reacholjwsasd

to 106 kPa. The TPR measurements were performed from room temperature to 300 °C
(heat ramping rate: 5 °C mih The redsolid line inFig. 2j shows the average value for
10 runs with RU@NST. Average data values were added at spe@figperaturesTo
analyze the gas components in the reactor online, the product gas streareasased
with an inline QMS via a VAT valve. The pressuretbé QMS chamber was kept at 5.00

x 10* Pa and we monitoredvz = 2 (M), 15 (CHy), 18 (H0), 28 (CO and B, 40 (Ar),

and 44 (CQ). The amount of CkHproduced in the reaction gas was calculated from a
calibration curvecontaininga mixture of gases with known concentrations of;CHie

validitiesof the measurementgereconfirmed by gas chromatography (GThe product
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gas stream was collected with a gas bag and analyzéideofiith a barrier discharge
ionization detector (Nexis G2030, Shimadzu) () CO, CQ and CH). The specific
mass activity (mmeks h' geil) was calculated based on thanalysis (see

Supplementary Noteb).
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