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Chemie CO2 a TiO2

aneb 

Od dĨchaj²c²ch miner§lŢ  k ģivotu na Marsu



Obsah pǌŜŘƴłǑƪȅ

        {ǘǳŘƛǳƳ  ¢ƛhн ƴŀƴƻƳŀǘŜǊƛłƭǻ ŀ  ǇǌŜŘǎǘŀǾŜƴƝ ƧŜƧƛŎƘ ǳƴƛƪłǘƴƝŎƘ 
ǾƭŀǎǘƴƻǎǘƝ

мΦ  ±ȇƳŠƴŀ ƪȅǎƭƝƪǻ ƳŜȊƛ /h2 ŀ  ƪȅǎƭƝƪŀǘȇƳƛ ƳƛƴŜǊłƭȅ

нΦ  CƻǘƻƪŀǘŀƭȅǘƛŎƪł ǊŜŘǳƪŎŜ CO2 ƴŀ ǇƻǾǊŎƘǳ  ƳƛƴŜǊłƭǳ ό ƪŀǘŀƭȅȊłǘƻǊǳύ
CO2 + TiO2/montmorillonite + UV + [H+] Č CH4 

 3.  Vznik  CH4 na  Marsu

 4. Tvorba vody  na povrchu TiO2 όǎƭǳƴŜőƴƝ ǾƝǘǊύ
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A450 ïdark Ti16O2

Fast measurementς
1 scan only, speed of scanning mirror
80 kHz

Ti16O2 +  C18O2

C18O2 reference

HRīFTIR spectra of the v1+v3 and 2v2+v3 combination 

bands of CO2 near 3600 cmī1following oxygen isotope 

exchange between A450 Ti16O2 and C18O2. 

a) The reference spectrum of C18O2. 

b) The experimental spectrum measured after 300 s of       

contact  together with  C18O2 with A450.

c) Simulated spectrum using the Winproof program from 

HIRTRAN database
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Ti18O2
C16O2
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Comparison of the C18O2oxygen exchange activities of nonīcalcined nanoscale 

samples of Ti16O2 with synthetic rutile in panel A and natural rutile in panel B.



Comparison of the C18O2 oxygen exchange activities between nonīcalcinedand

calcined samples of the Sokolov Coal Basin clay (Sample 1) (A) and montmorillonite

(Sigma Aldrich) (B).





Ÿ

Ź 
Ź 

Ŷ 

12.5

11.4



Oxygen Reduced  TiO2 Anatase:

in dark, room temperature self operating convertor of   CO2



Fotokatalytick§ redukce

Ti16O2 + CO2 + H2O + [H+]



TiO2 powder (ca. 0.8 g å 10 mmol)

FTIR

Ï 2.8 cm 

25 cm 

CO2  å 2 Torr å 15Õmol

CaF2 window

Laser beam

308 nm

Fotokatalytick§ redukce

Ti16O2 +   CO2    +  plynn®(  H2O +   [H+])

0.8 g       2 Torr                     0.5ML  +  0.5ML  HCl





Fotokotalyticka redukce na TiO2(Anatas)

Ti16O2 +   CO2    +    H2O +        [H+]

1g         2 Torr      0.5ML      0.5ML H2SO

- fotokatalytick§ redukce CO2

CO2 + 2H+ + 8e-ŸCH4 + 2H2O

CH4    350 nm UV lampa



CO2 is stepwise reduced  to the formyl radical in reactions

1 to 3;

(b) two formyl radicals recombine to yield glyoxal 

(c) glyoxal is reduced to glycolaldehyde 

(d) glycolaldehyde is reduced to acetaldehyde 

(e) acetaldehyde is oxidized to the methyl radical

(f) the organic intermediates generated in these reactions

(including formate, methanol, and formaldehyde) serve

as sacrificial hole scavengers;

(g) the hydroxymethyl radicals recombine, yielding ethylene

glycol, which is oxidized to the vinoxyl radical 

P. Zapol et al.,  J. Phys. Chem. C 2012, 116, 9450ī9460, 

bŀǾǊƘƻǾŀƴŞ  ǊŜŀƪŎŜ ǊŜŘǳƪŎŜ CO2 
na metan

ÅΨƎƭȅƻȄŀƭ ǇŀǘƘǿŀȅΨ



Civiġ, Kn²ģek, Ferus: Nature Astronomy



Metan na Marsu- ģivot?

Planet§rn² chemie na Marsu

üPovrch Marsu: Fe3+ oxidy - regolith (1% TiO2)

üAtmosf®ra hlavnŊCO2

üStopov® mnoģstv² metanu v atmosf®Śe

üKoncentrace metanu je promŊn§







NASAôs Perseverance Rover slav² v²ce jak rok na Marsu    



Mars Curiosity Rover Mission

Marsovsk§ voz²tkoñ 

Curiosityñ, óselfieó

Aeolis Mons foothill

6/10/2015

vypuġtŊno: 26 November 2011 15:02 UTC, 

Cape Canaveral, Florida, USA

pŚist§n²: 6 August 2012 05:17 UTC, Aeolis 

Palus, Gale Crater, Mars

c²le: 

ÅĻ§st  NASA marsovsk§  vŊdeck§ 

laboratorn² mise

ÅVĨzkum klimatu a geologie

ÅVĨzkum  podm²nek pro ģivot v kr§teru  

Gale v prŢbŊhu historick®ho vĨvoje 

Marsu

Å Role vody na Marsu

ÅPrŢzkum obyvatelnosti planety

ÅUrļen² koncentrace  metanu  v 

prŢbŊhu  roku



Gale kr§ter

ÅSeveroz§padn²  strana Aeolis quadrangle, tŊsnŊ pod rovn²kem

Å 5.4ÁS, 137.8ÁE

ÅAeolis Mons (Mount Sharp) uprostŚed

Å Aeolis Palus ï planina na severn² stranŊ ï m²sto     pŚist§n² Curiosity 

Aeolis 

Mons

Aeolis Palus

Sever

http://marsforthemany.com/mpotw/gale-crater-mars-picture-week/



Data z  Curiosity 

ÅAnalĨza vzorkŢ na Marsu  ïlaser diodovĨ laditelnĨ spektrometer

Å0.7 ppb CH4 v atmosf®Śe

ÅVĨkyvy aģ 7 ppb CH4

Å  atmosf®rick§ voda od  10 ppm do 60 ppm v Gale kr§teru

ÅAtmosf®rickĨ tlak od  7 mbar do  9.5 mbar (95.2% atmosf®ry je  CO2)

Curiosityós view of Aeolis Mons (20/9/2012)



Navrģen® sc®n§Śe  sez·n²ho  kol²s§n² 

metanu

{ŎŜƴłǌ Ім

ÅRegolit v  Gale kr§teru adsorbuje metan (such® obdob²),  

uvolŔov§n² metanu doch§z²  za vlhka

ÅRegolit obvykle  adsorbuje metan  CH4 (sucho)

ÅPŚi odpaŚov§n²  povrchu, chloristany kter® jsou na povrchu 

regolitu deaktivuj²  adsorpļn² m²sta  a doch§z² n§slednŊ k 

uvolŔov§n²  CH4

Hu, R et al., Astrobiology 

2016



{ŎŜƴłǌ  Ін

ÅMikroorganisy  konvertuj² v kapaln®m stavu  organickou hmotu 

na  metan

ÅPŚedpoklad existence  ģivota na Marsu

ÅMotivac² pro tuto hypot®zu bylo objeven² chlorobenzenu a 

dichloroalkanŢ v Yellowknife Bay  (oblast kr§teru  Gale )

ÅMikroorganismy na  Zemi jsou pŚ²mo schopny hydrogenace.

   (e.g. Hydrogenobacter thermophillus, Helicobacter pylori)

Hu, R et al., Astrobiology 

2016





{ŎŞƴłǌ  Іо

ÅVzŚ²dla metanu z podzem²- permanentn² zdroje vĨronu plynu

ÅMŢģe bĨt  v§z§no na  podpovrchovou chemii: plyn- voda ï 

hornina 

ÅDŢleģit®: doba ģivota metanu na Marsu  je zhruba  300 let

ÅPodobnŊ jako v arktick® tundŚe na Zemi (jeden z nejvŊtġ²ch 

zdrojŢ metanu v zemsk® atmosf®Śe)

Hu, R et al., Astrobiology 

2016



{ŎŜƴłǌ  Іп
błǑ ǎŎŞƴłǌ

ÅMetan vznik§ pŢsoben²m UV z§Śen²  na povrch Marsu 

(regolit, voda, CO2 a  proton vod²ku)

CO2  CO + CH4

h˄

catalyst



http://mars.nasa.gov/imgs/2016/07/Mars-Orbit-Year-Seasons-winter-spring-summer-autumn-

aphelion-perihelion.jpg

Mars bŊhem roku
Sez·nn² zmŊny klimatupodobnŊ jako na Zemi:

Å Perihelion = northern winter

Å Aphelion = northern summer



DoplnŊn§ sezonn²  variace  metanu, vodn² p§ry  a CO2 

na Marsu

Obr§zek  byl vytvoŚen na z§kladŊ vġech dostupnĨch dat dat  publikovanĨch Websterem et al., 

Curiosity and Mars Express publikovanĨch NASA, a Mart²n-Torres et al.







Experiment§ln²  zaŚ²zen²  vytvoŚen®  k  detekci metanu   pomoc² fotochemick® 

redukce CO2 na povrchu  Nakhla meteoritu 



Experiment§ln² uspoŚ§d§n² uvnitŚ spektrometru:

Paprsek   spektrometru  proch§z²  sf®rickĨm rezervo§rem a monitoruje vznik 

metanu po fotochemick®m ozaŚov§n²



UV ozaŚov§n² 72 hodin pomoc² 160 W UV lampy Nakhla meteoritu.

Horn² spektrum (ļern®) ukazuje referenļn² spektrum  metanu 3085.7 cm-1 mŊŚenĨ jako 

standard pŚi 0.69 Torr 

Methanogeneze na povrchu anatasu (ļervenŊ) po 1,000 hod. UV ozaŚov§n²

Spodn² spektrum  ukazuje linii metanu  po ozaŚov§n² vzorku Nakhla meteoritu (modŚe) 

pomoc² Hg lampy (350 nm, 72 hodin).



Metan  a chloreļnany, chloristany 

detekce a pevn§ ļ§st vzorku

14 CO2 + 10 HCl + 14 H2h Ҧ т /I4 + 7 CO + 5 HClO4 + 5 HClO3  



Mineralogy of the Martian Surface
Bethany L. Ehlmannand Christopher S. Edwards, Annu. Rev. Earth Planet. Sci. 2014. 42:291ς315



XPS spektra v oblasti elektronickĨch pŚechodŢ v atomech Cl 2p katalyz§toru po 

1000 hod. ozaŚov§n². 

Anatas, rutile a montmorillonite pr§ġky  byly UV oz§Śeny v pŚ²tomnosti par HCl, H2O a 

CO2, a byly neutralizov§ny KOH.

Oblasti fotoemisn²ch lini² Cl2p3/2 ClO4
-, ClO3

- a Cl-, jsou oznaļeny ġipkami



GC-MS detection of methylchlorides



Photoelectron (XPS) spectra in the region of Cl 2p of the catalysts after 1000 

hours of irradiation. 

The anatase, rutile and montmorillonite powders were UV-irradiated in the presence of 

HCl vapour, H2O and CO2, and were neutralized by CO2
- free KOH immediately after 

removal from the photoreactor. The regions of the Cl 2p3/2 photoemission lines of ClO4
-, 

ClO3
- and Cl-, respectively are labelled by arrows.

S. Civiġ, et al, ACS Earth Space Chem. 2019, 3, 221ī232



Perchlorate content on Mars



Cloristany  na Marsu

ΡȢΧ ×ÔϷ  #ÈÌÏÒÉÓÔÁÎÙ Ö ÍÁÒÓÏÖÓËïÍ ÐÏÖÒÃÈÕ 

5 - 50 cm hluboko

0ÒÅÄÉËÃÅ Ë  ÂÕÄÏÕÃþÍÕ ÏÖñĠÅÎþ



PŢvod vody v§zan®  na povrchu 

oxidickĨch miner§lŢ



Planets may either be born with water or have their water delivered by collisions 

with water bearing planetary objects like asteroids. 

Izotopick® sloģen² vody:

(vyj§dŚen® jako D/H pomŊr nebo jako ŭ relativnŊ k pozemsk®mu pomŊru

oce§nsk§ voda) 

ZemŊ       D/H pomŊr å156 Ĭ10ī6(or ŭDå 0ă)

The Sunôs natal gas disk and Jupiterôs gaseous envelope show very low D/H ratios 

of å21 Ĭ10ī6(or ŭDå ī800ă) which is a factor of 7x niģġ²

Outer Solar System objects, such as the comet 67P/Churyumov Gerasimenko

generally show much higher D/H ratios in the sublimated water molecules, with values 

up to 530 Ĭ10ī6(or ŭDå 2400ă)

CCs (uhl²k obsahuj²c² chondritick® and OCs kysl²kat® 

miner§ly  D/H pomŊr  podobnĨ oce§nsk®  vodŊ



(A) Obsah vody (B) izotopickĨ pomŊr rŢznĨch planet§rn²ch materialŢ

Koncentrace vody je vyj§dŚena v hmotnostn²ch frakc²ch jednotek H2O

1. (A) vzrŢst  obsahu vody s rostouc² vzd§lenost² od slunce.CelkovĨ obsah  vody na Zemi je urļen 

3900 ppm weight H2O (grey rectangle) (Peslier and De Sanctis 2022 this issue). 

2. (B) ukazuje  variabilitu D/H pomŊrŢ pro rŢzn® miner§ly (bulk chondrites) (Vacher and Fujiya 2022 

this issue) a komet (Bockel®e-Morvan et al. 2015) ve srovn§n² D/H sloģen²m pozemskĨch a 

marsovskĨch   hornin a miner§lŢ(Peslier and De Sanctis 2022). 



PŢvod vody v§zan® na povrch TiO2

Teplotn² programovan§ desorpce vody s hmotnostn² detekc²(TPD-MS)

Thermal programmable desorption with mass spectroscopy(TPD-MS)



TiO 2 -  TPD experiment

TeplotnŊ programovan§ desorpce  spektra of D2O molekul z povrchu Ti16O2 , vzorek na Au 

podloģce, bombardovan²   molekulami D2 , 20 min. (modŚe )

HDO (19 m/z) andD2O (20 m/z) molekuly 



TeplotnŊ programovan§ desorpce  spektra H2
18O molekul 

Ti18O2 vzorek na Au podloģce, bombardovan§  molekulami H2 (10 min. (ļernŊ) a 30 min.

(ļervenŊ), tlak H2 8.5Ҏ10-5 mbar.

TPD



Vysoce rozliġiteln§ infraļerven§ spektroskopie s Fourierovou 

transformac² (FTIR)



Voda (D2O) generovan§ bombardov§n²m   TiO2 ionty  deuteria  na povrch {101} anatasu je 

n§slednŊ rozloģena  na vod²k a kysl²k  UV z§Śen²m generovanĨm  MW vĨbojem

{101} orientovanĨ  povrch  pŚedstavuje  prim§rn² m²sto  pro fotokatalytickou redukci vody  na vod²k a kysl²k 

redukci.    The {101} orientation is the only one that forms hydrogen upon illumination.
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The origin of methane and biomolecules from 
a CO2 cycle on terrestrial planets 

Svatopluk /ƛǾƛǑ  1*, Antonín YƴƝȌŜƪ 1,2Σ hƴŘǌŜƧ LǾŀƴŜƪ1, Petr Kubelík1,3,  Markéta Zukalová 1, 

Ladislav Kavan 1 and Martin Ferus1 

Understanding the chemical evolution of newly formed terrestrial planets involves uncertainties in atmospheric chemical com- 
position and assessing the plausibility of biomolecule synthesis. In this study, an original scenario for the origin of methane 
on Mars and terrestrial planets is suggested. Carbon dioxide in Martian and other planetary atmospheres can be abiotically 
converted into a mixture of methane and carbon monoxide by ΨƳŜǘƘŀƴƻƎŜƴŜǎƛǎΩ on porous mineral photoactive surfaces under 
soft ultraviolet irradiation. On young planets exposed to heavy bombardment by interplanetary matter, this process can be 
followed by biomolecule synthesis through the reprocessing of reactive reducing atmospheres by impact-induced shock waves. 
The proposed mechanism of methanogenesis may help to answer the question concerning the formation of methane and 
carbon monoxide by photochemical processes, the formation of biomolecules on early Earth and other terrestrial planets, and 
the source and seasonal variation of methane concentrations on Mars. 

 

 
istorically, many arguments have been presented for both 

neutral (i.e. rich in CO2, N2 or H2O (ref. 1), supported   by 

several modern geochemical findings)2 and reducing 

(CH4, NH3, H2, HCN, CO and so on)3 atmospheric composi- 

tions of early Earth. Recent results comprehensively mapping 

terrestrial isotopic ratios of hydrogen and nitrogen show a 

difference from interplanetary gaseous or cometary material. 

Rather, they are in the range of values characterizing primitive 

meteorites4. These findings suggest exogenous delivery of ter- 

restrial H2O and atmosphere to early Earth (for a broad review 

see ref. 4). It has been demonstrated that Earth lost its nebula- 

based proto-atmosphere during the first 100ï500 Myr after its 

creation5. Nevertheless, a hydrogen envelope of a moderate mass 

around early Earth may have acted during the first 100 Myr as 

a shield against the deterioration of the atmosphere by the solar 

wind5. Compromise scenarios incline towards a weakly reduc- 

ing atmospheric mixture consisting of volcanic gases such as 

CO2, N2, CO and H2O, with lesser amounts of H2, SO2, CH4 and 

H2S. However, as mentioned above, the effects of exogenous 

delivery6 of reducing compounds or Fischer-Tropsch processes7 

could have significantly contributed to even more reducing 

conditions (CO2/N2 atmosphere with significant amounts of 

CH4, NH3, H2S and H2)
8,9. Such a reducing state of the early ter- 

restrial atmosphere is documented in indigenous zircons3. In 

accordance with several theories inclining towards a neutral gas 

composition for early Earthôs atmosphere, Mars can serve as a 

prototype of a photochemically driven planet. The Martian 

atmosphere represents a CO2-rich environment that might have 

been similar to early Earthôs. Recent in situ measurements of 

CH4 on Mars by the Curiosity rover reported significant varia- 

tions in its concentration10. Across the Gale Crater, where the 

measurements were taken, CH4 was detected at a background 

concentration of Ḑ0.7 parts per billion (ppb) with tenfold spikes 

detected on four occasions across a period of two months. The 

 
possible abiotic synthesis of CH4 as a reducing gas in a natu- ral 

CO2-rich atmosphere is also highly relevant to studies of Earthôs 

and Marsôs early stages of atmospheric evolution. Both planets 

contained H2O as a source of hydrogen, and they were exposed 

to a significant ultraviolet flux11. Even though its levels are 

debated, according to a comprehensive study by Chyba and 

Sagan12, energy dissipation from ultraviolet irradiation on early 

Earth might have been two orders of magnitude more power- 

ful (not effective) as an energy source compared with impact 

shock waves12ï15 and four orders of magnitude more powerful 

than electric discharges. 

Basedonphotochemical models andonthe current understanding 

of the composition of the Martian atmosphere, CH4 exhibits a 

chemical lifetime of 300Ϻ600 years, which is, on the geological 

scale, a very short period16. This implies that there must be an active 

source of CH4 on Mars. Hu et al.17 formulated three hypotheses for 

the origin of CH4 on Mars: 

Ɉ The regolith in the Gale Crater adsorbs CH4 when dry and 

releases CH4 on deliquescence during winter. 

Ɉ Microorganisms convert organic matter in the soil to CH4. However, 

this scenario supposes the existence of extant life on Mars. Other 

explanations concerning life on Mars are summarized in ref. 18. 

Ɉ Deep subsurface aquifers generate bursts of CH4. 

A fourth hypothesis has been formulated by Shkrob et al.19 and this 

is further developed in our study. The idea is that a complex, 

ultraviolet-governed carbon chemistry could exist: 

 

Ɉ Mars could simultaneously be a planetary-sized óphotoreactorô 

that decomposes carboxylated feedstock molecules producing 

CH4 (ref. 19) and a óphotosyntheticô planet, where CH4 is gener- 

ated from CO2 over catalytic surfaces20,21. 
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