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ABSTRAKT

Disertal n? pr8ce se zvaSni2v § oxvildw e i tne
na fotokatalytick® vlastnosti pSi dvou e
fotoakatalytick® redukci oxidu wuhlilit®hoao

Celkem byl o zkoum8no deset sad foteddkat al y:
oxidu uhlilit®ho a |tySi pSi fotokatalytic

Fotokatal ytickpr agke2dhukice W& t Sech geome
vs8§dkovTich reaktorech za pougit?2 UVC z 8¢
met odami pSipravenmodiifdi Kavw&midiinKormen,yldu
anebo CuO), platinou a platinou suhl 2 kem soul asni. Produk:i
redukce CO2byly metan a oxid uhel nvady. a vod?2Kk,

VpS2padhD s mnDs ATit®Ohh roxliad Th1Zavn2 r &l ipi ©i f §
opti m8l n?2 pomBDr anatasu a brookitu mnl n e
ZroaTiooOn (67 hm. % anatas a 33 hm. % brookit). U sady N/TiO2 nhedogl o
ke zvligen?2 fotokatalytick® aktivity dopac
aktivitu bylobi f 8zov® sl ogen?2 fotokatalyz8teru,
pSi pr avgelmietodswsin §sl ednou kalcinac?2 (83 hm.
brookit)). U f ot okat al yzdga®Ilrof] pCau/ do ®aci ke sn2gge
aktivity vpor ovn §mnzst T Toto bylo zpTsobeno 1
vodi vostn2ho p8smavygfgé molodtsalhetwnghttaduda < ak
f8ze, kter8 pTsobila jako rekombind?na. ce
Fotokatal yzdbtydryy iPto/bTil ©®zovsniyl n(ak ek cama rclkm?u
a byl vy porfovtnBkagt alspz 8gaoy ® vIiormnD. I m
fotokatalyz8tory dosahovaly mnohem vVydg
fotokatalyz8torem Hylkteyrs mml WwePhi §gO ry
fotogener®wvanl Obspupnost aktivn2ch m2st (
pr 8ce el ektronT korelovaly S aktiwvitou
Fotokat al y2z2a8thmr % CuDIiTiOcvykazovaly nejnigg?2
el ektronT a soul asnb nolrthy(11%a 66 wmyldgéy © sadyp e c i f
Pt/C-TiO2 byl o dosageno nej vyggrPr2ht o mnwlistt
1 hm. % Pt/C-TiO, kterl mn | optim&8ln2 vyugit?2
prost Sednictv2m separace n8boj e.



Fotokatalytickl rozkl ad meta&nolrw mrao ip2ot
UVA z8Sen2 a pSi stejnich reakln2ch podm
met odami pSipraven oxid titanilitlT, kterl

a |lanthanem a fluorem soul asnhi.

NejaktivnhDjg2zm f optS?kpaatdadd g m@ nlobiham e ovd y me
dopovanTch f ot ok®2tidbne Hileonebp Ndjp &i pravenT ch
gel met odou byl vgdnyej menh @k mt ad byszaS8ht eom | se
(0,2 hm. % La/TiO2, 0,2 hm. % Nd/ TiO2) . Fotokatalytick8 ak
s mnogsttwWykmvm@Bo a povrchov®ho kysl2ku a
Materi §l2(02Nd5MHm. @ Nd)pSi pr avgelm®todewsin §s1 ednT m

vysokotl akl m zpracovsgnzm vykazoval y- nanc
brookitu a vysokIl spgadiyfzi@sdhém nsodymuthm % Fot ol
vykazoval nej vt g2 fotoaktivitu, ktersg§ o

a povrchov®ho kyét§BzZkuoa s8ak®ksur ou, kters$§
generovanich n8bojT. Dopace | #%hi haaoaemmat ot
pS2pravy vysoce fotoaktivn2phof gtokawaly
z fotokatalytick®ho rozkladu metanol u. VI
La/TiO2byly ve srovn&mn®mBS|tstkmgTi Oygge . VI
mnogst v?2 povrchov®ho kysl 2 ku @a. Foteaktivitea nDn?2
vgechny | ty$S sfaodt okedreekltorvoaclhae ms ¢ kT mi mRSen?
ovlivRuj2c2m prodokai alvotdizkkw®hkzo rozkl adu

kysl 2ku wal plwysilchlo ve forokavakym§momnogsh v?2
kysl2ku a sniguj2c2m se povrchovim kysl?

se vitnNRgky vod2ku zvygovaly.

KLéLOVC SEOoVYAkat a4l oa,idTiu@l ilitl, metanol
fotokatal yz 8t or vy



ABSTRACT

The dissertation thesis deals with the effect of modification of titanium
dioxide on photocatalytic properties in two environmentally important reactions,
photoacatalytic reduction of carbon dioxide and photocatalytic decomposition
of methanol. In total, ten sets of photocatalysts were examined, six
in photocatalytic reduction of carbon dioxide and four in photocatalytic
decomposition of methanol.

Photocatalytic reduction of CO2 was carried out in three geometrically
different batch reactors using UVC radiation. For this reaction, titanium dioxide
was prepared by various methods and was modified with zirconium, nitrogen,
copper (Cu or CuO), platinum and platinum with carbon simultaneously.
The photocatalytic CO2 reduction products were methane and carbon monoxide

and hydrogen, which was formed from water.

In the case of mixed oxides of ZrxTi1xOn, the biphasic composition of TiO2
played a major role, the most active photocatalyst of this set, Zro.1Tio.oOn, had
an optimal anatase/brookite ratio (67 wt. % anatase and 33 wt. % brookite).
The set of N/TiO2 photocatalysts did not increase photocatalytic activity
by nitrogen doping, the main factor influencing the activity was the biphasic
composition of the photocatalyst, which had the most suitable pure TiO2 prepared
by sol-gel method with following calcination (83 wt. % anatase and 17 wt. %
brookite). In set of Cu/TiO2, photocatalysts with Cu decreased photocatalytic
activity after doping compared to pure TiO2. This was due to the low position of the
conductivity band in the photocatalysts with a higher Cu content and also to the
formation of the CuO phase, which acted as recombination centers of the
generated electron-hole pair. Pt/TiO2 photocatalysts were immobilized
on a commercial carrier (ceramic foam) and were compared with powder
photocatalysts. The immobilized photocatalysts achieved much higher activity
and the most active photocatalyst was 1.5 wt. % Pt/TiO2, which had the lowest
recombination rate of photo-generated pairs. The availability of active sites
(specific surface area) and workfunction correlated with the activity of the
CuO/TiO2 photocatalyst. Photocatalysts TiO2 and 5 wt. % CuO/TiO2 showed the
lowest workfunction and at the same time had the highest specific surface area
(119 and 66 m?lg™t). For the Pt/C-TiO2 photocatalysts, the highest yields were



in the presence of 1 wt. % Pt/C-TiO2, which had optimal use of photoinduced
electrons by charge separation.

Photocatalytic decomposition of methanol was carried out in a batch reactor
using UVA radiation and under the same reaction conditions. For this reaction,
titanium dioxide was prepared by various methods, which was modified

with lanthanum, neodymium and lanthanum and fluorine simultaneously.

The most active photocatalyst in the case of lanthanum or neodymium-
doped TiO2 photocatalysts (0.2 - 1.5 wt. % La or Nd) prepared by the sol-gel
method has always been a photocatalyst with the lowest lanthanide content (0.2
wt. % La/TiO2, 0.2 wt. % Nd/TiO2). Photocatalytic activity correlated with the
amount of lattice and surface oxygen and the increasing size of crystallites.
The Nd/TiO2 materials (0.2 - 1.5 wt. % Nd) prepared by the sol-gel method
followed by high pressure treatment showed a nanocrystalline anatase-brookite
structure and a high specific surface area. Photocatalyst containing 1 wt. %
showed the greatest photoactivity, which was again related to the amount of lattice
and surface oxygen and also to the biphasic structure, which allowed better
separation of generated charges. Doping with lanthanum and fluorine
simultaneously is an efficient method of preparing highly photoactive TiO2-based
photocatalysts for the generation of hydrogen from the photocatalytic
decomposition of methanol. Yields of hydrogen in the presence of 2.8 at. % F-
La/TiO2 were almost three times higher than pure TiO2. A significant role played
amounts of surface oxygen and fluorine incorporation into the lattice of TiOx2.
The photoactivity of all four sets of photocatalysts correlated with
photoelectrochemical measurements. The main factors influencing hydrogen
production from photocatalytic decomposition of methanol were oxygen vacancies
and surface oxygen in photocatalysts. With increasing oxygen vacancies
and decreasing surface oxygen (lattice oxygen and hydroxyl), hydrogen yields

increased.

KEYWORDS: Photocatalysis, TiO2, carbon dioxide, methanol, modified

photocatalysts.
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bVvOD

1 BDVOD

Od polpETkystev® uce se rozv?z?2j2 ekonomi
popul ace, j ej ? standar sgul @isnamddtTns2th8o psotpyt | &
po fosiln2shejpamddhgemhj sou Wzoamemji &t n2 e
V soulasn® dobRD je celosvPRDtovg spo@Bba el
a odhaduje se, ge do roku 2050 rohaq%le0 dos 8§
dokonce 4 5 T W. Prost Sednictv2m fosiln2[tB. pali
NadmDrn® vyug2vg8&§n2 fosiln2ch paliv mTge zj
ale tak® doch&§z2®ho vnynpoodusgttviPn 2s kvleel skTHKap v T ¢ h
N20, Os, vodn? espNFf)a,doSFat mosf ®r vy. Toto neust
zpTsobuje, ¢ge se glob8&8I n2 ote@ll mivs8hits kutpmv
t ®matem. Postupnl n8&rTst globb®mMT2 tvé gl oty
na zemsk®m p-lu, stoup8nichl aktBsynéid)? a n
Bohugel, dwwdhl§REv SN2k kont ami nasnt Je d®ko, ¢kitveo
ng8sl ednhD ukl 8daj?2 do pTd nebo vod. Do pitr
hormony, barviva nebo pesticidy aobfifeogc?2o
spot Sebou tRchto | &t ekS2nracd[3,t §a ip rjaesjlu2cjhatvr
vhodnTm a Y% innim odspiSanBrudym tNchto | §t ek

Vivoj | i st®ho a obnoviteln®ho zdroje

dTsl edkT spotSeby fosiln2ch paliv, v]ietnl

dod8vek energi e, nejistoty na (t[l lExstuya 2z 8v
nNDkoli k alternativn2ch zdroj T energie v]|
energie a slunel n?2 energi e, kter® jsou r
s fosiln2mi padlivy, nincke m@BBNuUukhiit § omezen?
| in2 n8rolnou. ElektSinu generovanou vDnDtr
energi e trp?2 konstruk]| n2 mi omezen?2mi pSe

a mognich nepS$S2znivich dopader ml mj2i vehat

~

nepSetrgitl zdroj , kterl ] e p o cel ou dok
ng§slednn [EKIadnrel n? energi e, ktewvwBt glen8n
a bezpl atng, je schopna vyr 8bnt el ekt Sinu

1



bVvOD

a Ydrgbu. Energetick8 spotSeba jednoho ro
sluneln2ho z8Sen?2 [Sha Sztemekh2peswmth o je o
energie a mnogstv2 sluneln2ho z8Sen2 je z

a roln2mi[oMmdobdl g?2 nevl hodou slunel| n?2 en

5

a jednotku zemMpk®ho povrchu
K uspokojen?2 svDtov® popt 8v kyinoptadrog ner g

energie, kterlT je skladovatelnT, |istlT, ki
kategorie sol8&8rn2ch paliv; (a) vod2zk a (b
uhelnatlT a metan). Dalg2m viznamnlidroa2ilcém
paliv, jejich doprava, skladovg§n2 a pS21| e
Vod?2k se jev2 jako vhodn® palivo, protoge:
(bi omasa nebo voda); b) m§8 vysoklI energet

prost Sed? a d) m8 vysokou skl adovac? kap:
alternativn2 zdroj enledgie m2sto fosilnzct

Znel i gthDn2z wvod, emi se sklen2kovich plyr
slunce jako hnagéakh:lr§§vepgo8esnmyironment 8l r
vizvou pro mnoho vRdecklTcmotyhimThnSep&dt Nm:
vyugit?2 fotokatalTlzy. Tato disertal n? pr
oxidu uhlilit®ho a fotokatalytickim rozkl

fotokatal yz8tecor T na b8zi TiO
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C2lem pSedlogen® dosstditmaf akt oprf§cev!hdw
fotokatalytick® vlastnost:i matfeati 8K at anlay t I
redukci o x i du uhal iflott®hat al yti ck®mByrloyz k% laa wmS8m
fyzi k-€ hami ck® uIDaxNtt mo smat e r vl\8 maTfotokataljtickqui ¢ h
akti visttw dp 8 dotokatliticki ¢ h  r e.aVkr c§ntchi pr8ce byly
n8§sleduj?2c?2 Ykoly:

f Charakterizace mat er i 81| TiOazaa kbpSzuigi t 2 kompl ement
charakterizace.
f Studumdvou envir o poailtié& ak c ke etukce oxidu

uhlilit®ho a rozklad metanol u

T ObjasnhNn2 vz§jemndtcithd owzatnal hni mreaztTéds, i §1 y
kter® byly wur]eny -dfhyezmikcksmiarkita o€ e mk & |

technikami, a jejich fotokatahyteakotdct
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3 TEORETI CKC LCST

3.1Fotokatallza

Fotokatallza je jev sluluj2c2 fotochem
odvozenozSel tiny, skl 8§8§d§ se ze dvou | §st 2:

A pSedpona Afotofd znamen§ svhDtl o,

A Akatallzaid je proces, tpdr) kzppeT®Ramb?2l §:
rychl ost. i a chemickou transformaci reakl| n
mNDnila nebo spotSebov§vala bhRhem t®to re:

zvyguje rychlost reakce sn2gen2m aktivaln

pSi kter®m se svhDtlo a katalyz8tor poug?2va
a lze ji tedy definovat | ak of[fOkla]t al yti ck §
Fotokatallza s e rozdDIl uj e do dvou z 8

a heter[genn?

a) Homogenn?2 f dtrekaskttalnitzya a f ot okatal yz
ve stejn® ff 8kdpalmwm®vyrkdlkeo vpl ynn®, j hejjlakot
fotokatalyz8tory kovov® komplexy (kompl ex
mNN, chrom, atd.), barviva a pS2rodn2 pigr

b) Het erogenn? iot@&klatt anfl g a a fotokat e
viozd2lnTch f8§8z2ch, fotopava®yf@uzogS.blnvagne
na pevn®t phl® efddlst vi)

Fotokatal ytickT tplrconcteos ds?el |s?kclhg ok& ozk T :

1.di f aze reaktantT k povrchu fotokatalyz

2. difYze reaktantT do p-r T fotokataly:z

3. fotoadsorpce reaktantT na povrchu p-

4. fotoreakce,

5. fotodesorpece Tprodukt T z

6. diobthakt prz p-r T ven,

7. difYzeppwvodblt Tot ¢1k,45l.al yz 8t or u

Aby vT b edco ¢ | fatokatalytick®reakci, j e zapoft SebRatdaldwnz§
fotony o vhbdd®mé&gearugicisbegané€bo vygg2 neg
energie zak8zan®ho p8su pougit®ho fotokat:
funkce vIngM®e d®I ky ( &)

4
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_he o1 _ 1240
E="7 62410 = — (1)

kde E je energie fotonu (eV), hj e Pl anckova konrls)acnjg a (6
rychlost svDtl a w&kl), stjadkuvul Ry ®»98R®NLKa el ekt
z§8§SENa 6, 224lelkonverzn2?2 fakt ¢16]. pro pSevod

Kpot Sebn® aktivaci fotokatalyz8toru | e
d®Il ce:
<22 )
Epg

kdeEngznamen8 energie #8k8&8zan®ho p8su
Fotokatal ytjeakd i v elasBooraep c & fotonu o0 vho

(obr 8zek 1), cog zpTsobdl et mi2thawci p8aslue k¢
vodi vostn2ho, nNg§sl edn®mud2vyat vao Seme ® pj§e jui ¢
a transport. VytvoSen§ eNegktirensvd nvak an

|l inidlem a vznidékioh (epxcjiet odabfTmelreduk]| n?
SoulasnhD mTge tak® doch8zet ke konkurenl|n
kter® od| erp8vaj?2 energi.i dodanou fotonem.
z hlavn2ch negativn2ch faktadrd[En@vI i vRuj 2 c?2

Energie (eV)
adsorbce
0,1 —g ) e . (\/ redukce (ox + ¢ red)
g (A< 400 nm)
+1— g‘ M UV
[=n
Ebg < E
&
+2— @
h+
L - ' valen¢ni pas 7 ™ oxidace (red+ h*- ox)
+3,0) T

\ adsorpce

Redoxni Potencial
(V, vs. NIHE)

Obr 8z eSkc hi®ma principu heterogenn? fotoka
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Fotokatptgteskize rozdhRlit do |tyS po s
a)  Aktivace TiOoUV z8§8Sen2m a vytvoBea?2 p8§ru e

Ti0, + hv - Ti0, + e;5 + hig ©)
VytvoSen® n8boj e mi gr uj 2 n a povr ch
sadsorbovanT[28): | §t k a mi
b) Redukce:

03 ,0as T €cg = 03 g4: (4)

A + e;p — produkty redukce (5)

C) Oxidace:

H,0 +h;z7 - OHY, +H* (6)

OH_,. + his = OHJ,. @)

Rag. + his = R ©)

d) Separace el ektronT a didr , j i wddtkrod

nanosekund a jejich rekombinace je dopr
TiO,(eqcy +hfzp) Y uvol nNDn2 energie 9)

VhepS2tomnost.i akceptoru a vVvhodwm®ho d

rekombinal n2 r enavélmieggehi@2r a/ el ektr

32Fot okatalyz8tor/ Pol ovodi |

Podle §g2Sky zak&8zan®ho p&8su dnDI2me | §f

a izolanty (dielektrika), jnakmajjeé @matkr§rz@ ni
ale | 8stelnhD pSekrilvaj2c?2 wd op§syuv kloeryl rnc
elektrickImi i tepelnimi vodili, a to i

pSech§8§zej?2 z valenln2ho p8su do vodivostn
velmi §gtem«kdovoluje elektvradrehrhnphoowadtsuz
vodi vostn2ho. Polovodile ma@gél gB8sozdl amotd
g2Ska zak8zan®ho p§8§su nen2? tak girok§ a
pSekong8vat zak8zanl p8&8s a dos8&8hnout vodi Vv
energii na pSe@&bns§m8swak8RtdMMee nv Ntigitned | pedi.
jako fotokatalyz§8to[y24poug2vaj?2 polovodil e



TEORETI CKC LCST

Vodi¢ Izolant Polovodi¢
“ E }voolvosmi E
: / : PAS VODIVOSTNI
f vogfzts)sm[ f T A
/ ’ ZAKAZANY o
A >5eV [ PAS ZAKAZANY
4 < 4 eV '
V b PAS
S’ J |
\ VALENCNI — | VALENCNI ——— }VALENENE
A e > . :
NN\ PAS — PAS [— PAS
4 P
a) b) c)

Obr §zePk§ s2o:vl moadekill e@,) b) i zol dBtu a c) pol

Pro praktidgk®e vyofokatallze dTJlegit®

vodi vostn2zho a valenln2zho p8su. Podl e pol
ur]luje reduk| n? potenci §lI fotoelektronT a
zase o0 xHKapheatl fofogenerovanl chNadRahr §zku 3 jsou
energie zak8zanlch p8sem, pozicevwplkranllcl
polovodifloookah 26y z&t or T
\J
E vakuum ?}ﬂﬁ_ﬁ\\x
A A
25— 20 —
35— -1.0
45— 00
S5 1,0
65— 20
15— 3.0
85— 40

Obr §zekne:gi e zak8zanlTch p8sem, valenl|ln2 a
(V vs. Norm8ln2? wvod?kovs8 el26ktroda) vybrar
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3.2.1 _TiO2

TiO2 | e st 8§l e nej poug2vanbijg2m a nej zko

protoge j e termicky a chemicky stabil nz
net oxi ckT ,i hdoojsntlu pwny s k yptS®jr2ocd2N svee V o rilmN an
a brookitu [27-29]. Vgechny t Si formy jJsou stechiom
a 40,06 % kysl?2ku), ale 11ig?2 se struktu
a fyzi k8l n2mi vliastnostmi. alExi $yujjsou ¢ga

syntetizovan® zZ a vysok®ho t | arkauj t W rndagp2Sc
polykrystalicklch materi 8l J)28viFso’t okat gleytc
anatasovs8 f8heln®e amemBswvyggg? fotokatalyti
rutlu j e chemicky stabilnhDjg2 ., bidlsagliOom@EmMs akt i

obsahuj anatdsu d r8tiuil i anatasuvgkbropki vygg?2 alk
samotn® f 8ze analpa8xs3d. anebo rutilu
Avgak2tTrip Sadou nevihod, kter® omezu
ve fotokatZalplrz®, fotogenerovan® el ektrony
| 8sti ci a pravdbDpodobnost jejich rekombi

rychl ostem pogadovanlTch chemicklch transf
svDtel no33].d@ean8g el ati vnD girokou mezeRou z:
evV), ktvegyrg@d@duj e pro fotoaktivacivl obtvoaf ida®ll d

kratg?2 neg 385 nm), cog m8 za n8sledek
sluneln2ho svDtl a. Cel kov® vyzaSovan® slu
zemskl pokt&H&se snfralerven®ho z8§Sen2 (5

z8Sen? (4300, nm00a ultrafial ov®hd9 328 Sen?

A 12 i Vlngvé déll_(ﬁa v met_:;.ech P ; "
10 100 10 10° 10° 100 107 10" 10

Gamma Rentgenoveé
zareni zaieni

Viditelné

- -

_ -= ~ "Sluneéni zafeni ~ ~
< =

Klesajici vinova
délka () v um

039 045 0,50 055 060 065 070 0,76
pm

Obr §zeSkpekitrum sl un[@d.n2ho z8§Sen?2
8
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Kr omlho, Ti02j e nepor ®zn?2 a m8 pol 8rn? p o
schopnost absorbovat nNep@4-FrnJeorzgenijitak®
jak z2skaite TDankod p8aslti n po fotokatalyticklec
ekonomi ck®ho i [B8k z pNealnmod sStsttalc® pPodl ®haj 2 a
a agl omer ac?2 m, kter® ovlivR[BP-£l f &t p&Sletkionis
t Dchto nedostankKKobykospoagegn2, jejichg
d®l ky f ot oadka iwiaciet ellinO®B obl ast i spektra, |
ener gi e; zabr 8nNn? rekombi naci dvojice el
TiO2k organickIim zBm|i §gSupgcimza®rBnNn2 agr
nano| 8§stic | 8stic a z8roveR usnadniDn2 jej.i
zveSejnhNno nNhRkolik recenz?2 o vivpjako st r
fotokat al42-49B t\oldtugi n a z ni ch s e zamhRSuj e
znel i gSuj2c2ch | 8tek z odpadownkahavgdj chp®b
vody, konverziCO2a me c hani s[dRy45r4@é, &0k58]2

3.2.2 Modifikov 8 n2 >Ti O

Jednou zcest , jak el iminovat nedbepygi ky |j
fotokatalytick® vlIastnost. mTge blt jeho
provedeny mnoha rTznl mi zpTsoby, kter® z
senzibilizaci barvi v, povrchov® Ypravy,
imobilizacia st abili zaci na nosnich struktser §ch.
podstatnhD | i g2, opokudst®the® di @bsorpci svDi
adsorpci organicklch zneli gSuj22a 8nadnou | §t e

separaci 20[38stic Ti O

Tato prBakifwBktory ovlivRuj 2c?2 mioxidi ot ok :
titanilit®&mé madirfkiokhew, dus2kem, mRDd?2 (ve
a platnou suhl 2kem soulasniD pro fotokatalytic
a modi fi kov8n2m | anthanem,l anebdpmem saulf
pro fotokatalytickl rozklad metanol u.

Dopovwvn8kod | ze unsong2ngietn2 energie zak8&8man®rl
gemTgekoj pSekrTvgBYd odbhtatdilTnami kovT, kter
vabsorbovgn2 ehpvntvi c@kdel gd§g by mRDlI o umo/¢
vi di t el nfetoakti§abi #i054-82].
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Dopaceu gl echt i bimmf R¥lpieyn® br §nNn2 r ekombi
d2r a, nanol|l §stice mahgul eEhaobhiltdl ch akovTzpr ost
pSi t r a nost ppogretnue r ovan ®h-d 2 rpgovranu Ted:2 & lakcaptorn
[32, 61, 63-73].

Dopace dm$gE&zmpMsobit sn2gen2? energie za
mnogstv2 kysl2kovich vakanc? Ti@zal evpg dii tt efl o
s v Nfr4, 8.

Dopov8m2koViyO vz§gcnlinhezami® it g skhepnost
zachycovat elektrony, cog mTge v ®st k sil nhNj g2 mu
smDrem k del g¢ u gpiShsow® ti@8s8&ja a

U dopolNG&rMia uorem se § p%ebydzpaohkringudt 2 rviuo h ot c
do matrice mohlo z | e gogpkatalyticko u %] iTiDp@ st o z anejpnolVgi t 2
ale tak®hoi dWwihkedem kt o mu ,atongyeD (14 nm) a F (13,3 nm)
ma jpddobni i ont ov 1 p oblyo nimjazhtmakhy sol22 k u [32,B7H or e m
91].

2.3 Fotokatalyt i ck8 redukce CO

FotokatalytickBe rpdd&be8 CProcesu f ot os
rostlin. Typicky |l ze tut®rveawkmckrobeohD|] et
fotokat aUw néo oiditein T m s v &t toezre sluneBBSehs
nebo sviDtel n®ho dojde keikciaci elék@osT zevdanlNeholprzs u
(VB) do vodivostn2ho p8sma (CB), sosel asnt
dvojice z8pornjch &l aldnfdoh TsRetg®emer ovan®
elektron-d 2 ra oddDl uj 2 a transportkdepTanab?pojvalc
reduk] n?2 a 0 xNa#loadc (e2CO4 riend udkkcav.8 n negativn2zm
a Vvytvg§S2 odpov? daGHQH a QD) P26kt yObeCH N pl
ge fotokatal yticks s aktTifvattamk ad alset ie&k ® v ir te
do znaln® m2ry souvis?2 s reak] [IH200). Jakyest ®me
zn8zornNno na obr. 5, tnTokapad kyyti ckBt rdidn
produktT. Z tPDchto pr o,dAHOHTHCOGHD @O, HGHP,| ast D
CHsCH2OH aelement 8 r n 1041B4H].2 kkFot ok at al y t iscek 8p rroevdSudk?
% pl ynn®m nebo kapal n®m f 8zov®m 3ayssut ®mu .
hl avn2mi pr oduikMeyz iv hplawmi ® pfr®d ukt ysOH, kapa
CHsCOOH a HCOOH [106-111]. Byl a Vyvinut a Sada me

10



TEORETI CKC LCST

na pS2pravu fot aklag efdidkar 81 gt Tck® oakti vity
fotokatal ytick® jrackdbuk¢e @@pS2klad modifi
| i pS2prava fotokatal y[218]t oMTobko helt 2komSkc
prok8zal o, ge modi fikace fotokatalyz8toru
na CHa v dTs|l esdtkau cr? povrchov® elektronov®
po dopov§8n? §kdi3dclid].cThoretickyjegener ovgn2 CO | ed
neg 4CHprotoge ke spenenpwv§ $2b€Hli5. Generace ekt r
CO vgak mTge bl potl alena zvyguj2c2 se h
kovT nebo jin®hotpr pmotrcrhwo.v ®hHaoasted ektronu
vyt vo $aenop Bechd2lem

A

2,0} _—

’ —— CO,ICO (e, -1,9V)

oy Redukee  co,/HCOOH(2e", -0,61V)
T 10k : R CO,/CO(2¢", -0,53V)
o0 ; ) h =/~ CO,/HCHO(4¢", -0,48V)
wi £ e ¢ =— H'/H,(2¢", -0,41V)
T ool/ 1 ~ CO,/CH;0H(6e", -0,38V)
= CO,/CH4(8e", -0,24V)
: H,0/0,(2h*, 0,82V)
» 1,0
-
< 2,0
< Ox*
w -

30 Oxidace

Ox

Obr 8§z eSkc h8®mat i ckT ener geproiredukdiCflElgr am Ti O

Reduk] n2 p ot éotredulkll 02 pH20 n a rTzn® pro
prot.i NHE pSi pH 7 j16-88y ong€sedfdpvnBvnicemi

2H* + 2e” - H, E°= —041V (10)
Hy0 - -0, + 2H* + 2e” E°= 0,82V (11)
CO, + e - CO; E°= —1,90V (12)
CO,+ H* + 2e~ — HCO; E°= —049V (13)
CO,+ 2H* + 2¢~ — CO + H,0 E°= —0,53V (14)
CO,+ 4H* + 4e~ — HCHO + H,0 E°= —048V (15)
CO,+ 6H* + 6e~ = CH;0H + H,0 E°= —038V (16)
CO,+ 8H* + 8e™ — CH42H,0 + H,0 E°= —0,24V (17)

11
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2C0,+ 9H* + 12e~ — C,H:OH + 3H,0 E°= —033V (18)

34Fotokatal yti cdOH VvohgkNaene€Hvody

Fotokatalytick® gtBhDpen? vody (PE@ byfoot oel
pops 8mFujishimou a Hondou v roce 1972 [117]. Jejich pr8ce zahs§&

vi zkum®tvo od | absytlio zkoum8no vel k® mnogs
f ot okat gd91y1288123p Mdchanismus reakcev p o d gathartnfuj e 4 hl
kroky. Prvn2m krokem | e eslvelkttlreom Ti nvieci vo @

p8smu a dRNr ve valenld9n2z mSpBtsimam (ir myot ikpae a r

mol ekul vy vody na kysl 2kovl ployn & o wload rk
generovam®nyl(ektrovnice 20) redukuj?2 ionty
21).

2hv — 2e~ + 2h* (19)

H,0(1) + 2h* > 2 0,(g) + 2H* (20)

2H" + 2e™ - Hy(9) (21)

Cel kov1 vodplzkd avdyj §82@BBit rovnic
2hv+H,0(1) = 5 0,(9) + Hz(9) (22)

Kgt Dpen2mTyedy 2t pouze tehdy, pokud spoc
p8sma fotokatalyz8toru bude ned/Bt@VwhDj g?
SHE pSi a&@Hz®r)oveR hor n? mez valenln2ho pé¢
nedg oxi dal nP0/@o128cvs.8SHE). Ztohot o dMmusdu bl t
energie absor bbwywn®h®n s otadtem prodaKa @r3§ zee\k 6
[119].

12
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U (eV/SHE)
1.0+
051 [CB -
® ”'\
0.0 H7H2:0eV
05 ==
1,0 4 02/H20 :1,23 eV
LS + [VB O
hy

Obr § z eGxidage a redukce vody pro st Seahrfiodtowe xci t ovanl
a el eKlel.onT

Dl innost reakce e rovnnig ovlivnDna z
ze vznHlalO®hoPr o zvI1 geyn2pefnékutsidwiptiyt zp Nt n §
pot | al| ®tokatalya8t ory mus2 blt RSerseteokjcest sjteabv é
mnogst v?2 mat er i ¥odifou kvteelriGk omaj 2a pozi ci z
jen veljehfungoe| ako fotokatalyz8tor.pro cel kc

V. posledn?2 dobnN byla fotdekat alrpzige IS
o fotokatalytickl rozklad vodnl c@®) tzvozt ok
al k oh @lbodigni2ni dl a. Tyt o al koealoKk oyh ovle jssnollus 2wvh
Aapa |fiid Dr a nhav?2c podl|l ®haj 2 rel at[l24-429:: r ych

Mechanismus rozkladu metanolu b y | p o p s-Rusem@novmise 23-26) [121,
124, 130]:

CH;0H(l) & HCHO(g) + H,(g) AGY= 64,1 kJ/mol (23)
HCHO(g) + H,0(1) <> HCO,H(1) + H,(g) AG9= 47,8 kJ/mol (24)
HCO,H(I) < C0,(g) + H,(9) AGY=-958 ki/mol (25)
Cel kovsg reakce:

CH;0H() + H,0(l) & C0,(g) + 3H,(g) AG°= 16,1 kJ/mol  (26)

Pro srp8h@h2rozklad vody:
2H,0 - 0, + 2H, AGO= 238 kd/imol  (27)[124]

13
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4 SOUHRN LLCNKS
41Fotokatalytick8 redukce CO

Publikace (I-Vl)se zabT vapt okat al yti cckkpS2recingsei C
fotokat ahyai§ft iok dzrkememc(h, d us 2 k(&,mmnd all), mnd 2
v e f axidwmICuO) (V), platinou (V) a platinou s u h lerd g/1); a souvislostmi
sjejich -dlyemik@&k nmi vliastnost mi, kteir ® b
kompl ementBamadktheri zaln2ch metod. Bohugel
porovnat vgechny fotoldagtvaldut i pdedngtiicky? s | e d
rozd?2 | nlecankt. 6 oR@ovstigdo viaont@® k atyal pyEtyort est o
vt TznT ch f ownvm$ohdporbsdylkioV § VI) nebo jakof ot okat al y z !
i mobilimavakdr ami c k®. pKmMdmN vige uvedenl
fotokatal yti eikBobhzaldazlac et B@&I ik ch w olkdang anlerk®
f 8§ z-lil, vaVl)nebop |l ynn®a\Vg z i

Rozd2Ilyn® b zpTsoby pS2pravy Tk HY o f C
vysokotl ak® NT©Oe gl ssol-§rf, met oda, hydrotern
nebo sol-gel metoda svysokotla k T m zpr ac ov &ill®) m CuOTi®s (V)i O
sol-gel metoda, Pt/TiO2 (IV) metoda depozice-s r § g earP¥QrTiO2 (VI) metodou
fotodepozice.

Plhbynndienak | mrondukty fotokat abylytmetank ®v o d 8k k

~

a oxid Rrealkd a2l pkapath@®k tf ¥ zv nebyly det ekovs

411Reakl| n? p o tbtokatakick ®redukc e CO2

Ve vgech pS2ppaddoht ompddadkdi c®Pi to 8 W
z8§Sen2@GmM¥Z4nm)a vs§dka b wldaCQepoodobuBA n@nut.
Fotokatalytickg8 mhHen? tveeygemomeskutkly r oz
fotoreaktor ecpgb2 ( @-B)ala erich byly znerez ocelia t ®mNS
totognl m (obopjemeehB48 ml (IV) a 357 ml (-1l a VI)) svr chnzm
pr TzozkeSemenn®ho skla, pSes kter®8§byhmpoae:
vhorizont 8§l n2 pol(Wwhlea.nuT Se tnzhotaeenabkyBe menn ®h o
skla (objem 315 ml) a v2ker ez ocel i, skr z kter® b
zk Semenn®ho skla, do kter® byla ngslednh
smPDs veke8hett(podroere kVFZ8dka reaktorulad)dbsaho

14
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nebo 100 ml 0,2 M NaOH (lll a VI). Koncentrace f ot ok at abyly ¥ &at./lo r u

U experimentT, Kklitemn®&®yd0® bz hga lfyotvokmt al Pa &t
na dno reaktoru anebo imo b i | i mav 8kneor ami ck® pNnDND, kter
ponoSelnda ml destillvan®plwmddyr ozd2l n® vs§gd
vcel okSemenn®pPodrl eea kptScerdee g1 Tch zkugenost?2 t
zvolena vs8dka 0,02 g fotopkavah®z§bdyu aae
zkouman®ho fotomasaNDp@Bomaodil ogce uprost Se
skrz kterou vedlal RBipmanng traubkdinde rseakt o
5 ml destilovan® voby)l opadoprelkidlof§muz pSo d ¢
(V) Jednotl i v® reakl|l n?2 pabdcminky jsou shrnuty

Obr §z7el8ch®ma pougi tl cho fétakatatytickoa ketlukci TO2 p
a)znerezoceli(FVaVl) a b) celokSemeen®kzoocealbtdmu

(V).
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