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ErCTUOVIRES REPLONES EVELQDEROVTRS Kot Epeuvitikd Ereedyueta: Epyactypiov
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NepBaAiovtiki KatdAvon

Navo-ouvOeta £€umtva UALKA (avamtuén, xapaktnplopog, MePLBAAANOVILKEG KOl EVEPYELOKEC
£QAPUOYEC).
2XeSL00UOC KATAAUTIKWY SlEpyaoLwy

MpowBnon aviwdpdacswyv (HAekTpoxXNUIKA TtpowBnon)

‘EAeyX0G KlVNTWV Kol oTa0EPWV IINYWV PUNAVONG: Katalutikd diktpa (deNOx,

deN,O, CO and VOCs abatement)

Avavewolpun Evépyela

Evépyela amo Blopdala, floagptlo

2uvduaopog eneéepyaoiag uypwv anoPANTwy & mapaywyng EVEPYELAG
Evépyela H,: Napaywyn, Swakivnon, anoBrikeuon H,

KupéAeg Kauoipou (nAsktpiopdg o uPnAi anddoon)
NepBaAloviikn diaxeipion Bloaepiov, Puoikol Agpiou
Awaxeipion CO,:

CO, Hydrogenation: Mapaywyn CH,, aAkooAwv Kol UypwWV KAUGLHWVY
Avapodpowon CH, me CO, (mapaywyn agpiov ZuvBeong n/kat H,)
Evepyslakoi KUkAou kot KukAtkoi Owkovopia: Power-to-Gas Technology:

HAwakn, AltoAwkn Evépyela - Aldonaon H,O (rmapaywyn H,) = Avtidpaon pe CO, (mapaywyn
ueBaviou) - Xprion pebaviouv wg kavoluo (Evépyeta kat CO,) - Eava



The Electrochemical Promotion (EP) concept in catalysis

Non-Faradaic ElectrochemicallModificationlof CatalyticiActivity/(NEMCA)S-
* C.G. Vayenas, S. Bebelis, I.V. Yentekakis ,H.-G. Lintz, "Non-Faradaic Electrochemical Medification of Catalytic
Activity: A Status Report*, Catalysis Today, 11 (1992) 303-445

Reactants Products

Catalyst
" Working Electrode (W)

connections T
Counter electrode (C)

v'Solid Electrolytes can be used as active catalyst supports, to alter dramatically the catalytic properties
of metal catalyst films interfaced with them. The phenomenon was described by the terms EP or NEMCA

v'This is achieved by means of an electrochemical cell, through which, by applying external bias, we can
in situ transfer, in a controlled manner, ionic species onto the entire catalyst surface.

v'These species will play the role of a promoter, altering the electronic properties (work function, e®) of

the catalyst and thus its surface chemistry.
Environmental Chemistry-2017, Rome. Page#2



A typical “Electrochemical Promotion” experiment

C_H, oxidation over Rh/YSZ(0*) (T=350°C, O_=2.5kPa, C,H,=6kPa)

=0 I=+400pA; r=I2F=2.1x10° mol O/s | I=0
204 o i -
-7
/rpr=16.2x10 mol O/s
L 154 , .
@) Rate enhancement ratio:
g P=pr/Typ ~ 90
~ 10 - (~9000% increase in the rate) _
o
—
) -7
A= Ar/(I2F)=770 (A>>1)
(like to say: each 02_ activates ~770 additional reactants)&
0 _ -
\run=0.18x10 / mol O/s
|

. : . : .
0 400 800 1200
Time, s

Environmental Chemistry-2017, Rome. Page#3



Baokol pumot ou emtBapuvouv tnv atpuoodoLpa Kot oL TTNYEC TOUC

Source Pollutant (million tons /year)
Cco SOy NOy H/C Particles Total
Mobile Sources:
Cars 67.3 03 7.0 12.7 0.7 88.0
Others 3.9 0.1 1.0 1.1 05 6.6
Total 71.2 04 8.0 13.8 1.2 94.6
Stationary Sources:
Elect, Energy production 0,1 14.0 3.5 - 2.3 19.9
Industry 03 5.5 3.1 0.1 3.0 12.0
House heating 13 1.8 05 0.6 04 4.6
Others 0.2 0.7 04 - 0.3 1.6
Total 1.9 22.0 7.5 0.7 6.0 38.1
Waste treatment 435 0.1 0.7 14 1.2 7.9
Various processes 7.8 7.2 0.2 3.5 5.9 24.6
Other 1.2 0.6 0.2 4.2 04 6.6
General Totals 86.6 30.3 16.6 23.6 14.6 172.8

Atmospheric Pollution: consequences, current status of control and alternative technologies, I.V. Yentekakis, A. Tziola Publ.




TexvoAoyieg Avtipetwriiong Twv ekmopnwv NOx/CO/HCs

> Kivntéc TInyéc (auTtokivnTa, KAm)
(a) ZroixelopeTpikoi BevlivokivnTRpeg:
TexvoAoyia TpI0dIKWY KATAAUTIKWY HETATPOTEWV:

EKueTaMeueTm TNV OUVOUAOHEVN KaTaAunKn OUHTEPIPOPA TWV

'.l"I‘C(MwV Pt, Pd kai Rh yia Tnv getatponh Twv NOx, CO Kai
Cs o¢ Nz, €O, kai H,O, katw amdé kaAd EAEYXOHEVEC

OTOIXEIOHETPIKEC OUVONKEC, HEOW avTidpasewy, OmwG:

AvTi0paocic ofeidwong

CO + 0, — CO,

HC + 0, — CO, + H,0

AvTI8paosic avaywyng

NO + CO — N, + CO, (+N,0)

NO + HC — CO, + N, + H,0 (+N,0)
TIPOBAHMATA:

AndpaiTnTn n XpAon Tou omrdviou Kai akpipol Rh - YynAé kootog

H ouvirapn d0o A kai TPV euyevwy PETAAWY Kavel dUoKoAN Kal oXedov avTi-
omovoumn Tnv d1adikaocia avakUKAWONG Toug.

Mikpnl aAAd aloonpeiwTn n ekmopmn Tou avewiOuuntou N,O.




IapadeiypanatinAekipeSemikng mpowdnane mwy, Pi=groupimeifialsiae
AViOPATEIG OXETIKEG [IenmoV, EAEY X0 kKavaaepiWyv (de=IN@x: KAT):

100 100
- [NO]=1000 ppm o
[C.H ]=1000 ppm ™
o CU \Na-promoted catalysts N 80
> =
S 60 Dol
ﬂ —O— un-promoted Pt/A1,0, -IB\ O un-promoted PYALO, Na-free catalyst
g —@— 4.2 wt.% Na S >Q< :;x:ﬁ;g: /
§ 40 Isz.mﬁfﬁa "3 40+ + 104 wt.% Na W
0 o
w —
20 Na-free catalyst N 20 [NO]_]'OOO ppm
< [C,H,]=1000 ppm
r . 1 N 1 N 0 L 1 " 1 L 1 L 1 N 1 N 1 N
250 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800
Temperature, K Temperature, K

[IV. Yentekakis, M. Kenselakis, R.M. Lambert, N. Macleod, L. Nalbandian, Appl. Catal.
22 (1999) 123]



Conversions, %

(b) PeaAioTika ouoThpara:
2.UVONKEeC Ttpooopoiwaon Kauodepiwy oToIXEIOHETPIKWY PevlIVOKIVATAPWY
(IOOOppm NO + 1070ppm CsHg + 7000ppm CO +7800ppm OZ)

100 ol
10—l S
) : (a)
80 - Pt(Na)/y-Al,O, &
; Simulated Exhaust Conditions = 807
2 A0 =
60 T=400 C é
>
M~ CO conversion ) 707
X —-@®— C,H, conversion 0
40+ A NO conversion to N, z
~&— NO conversion to N,O 60 -
¥ Total NO conversion
20 f
50 v ' y T ¥ T ¥ T v T T
| 0 2 4 6 8 10 12
0 6 ; é 1 "1 3 “5 : é ; 1'0 ' 12 Sodium content, wt%

Sodium content, wit%

[M. Konsolakis, N. Macleod, J. Isaac, I.V. Yentekakis, R.M. Lambert, J. Catal. 193 (2000) 330]



The (Na)Pt/y-Al, 0, catalyst under simulated exhaust conditions
(1000 ppm NO, 1067 ppm C;Hg, 7000 ppm CO, 7800 ppm ©,)

*M. Konsolakis, N. Macleod, J. Isaac, V. Yentekakis, R.M. Lambert, J. Catal., 193 (2000) 330

The monometallic Na-promoted Pt catalyst (4wt%Na-0.5wt%Pt/y-Al,0,),
tested at simulated exhaust conditions of stoichiometric gasoline
engines, offered:

CO conversion =~100% At 400°C
C;Hg Conversion =~100%
NOx conversion = "~94% Wik
N,-selectivity = ~95% Ra— <

Environmental Chemistry-2017, Rome. Page#9



Comparison of our novel (Na)Pt/y-Al,O, with the conventional Pt/y-Al,O,

NO reduction by propene: NO + C;H,— CO, + H,0 + N, (+N,0)

*1.V. Yentekakis, M. Konsolakis, R.M. Lambert, et al., Appl. Catal. B, 22 (1999) 123
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> [KereeNUTKn) ApCoTUROTH T
» KataAvtiki ZtabepdtnTa

Ofpata LoodUVaHUNC TEPAOTLAC ONHAOCLOC OTNV ETEPOYEVA BLOMNXOVIKA KOtdAuvon

v H BeAtiwon Twv KAAGOWKWOV MEOOSWV TOPAGKEURC KataAutwv oAAd KAl N
nEocOnKn poviépvwy otnv papetpa pog, divel oripepa tn duvatotnta avArTUENG
KataAutwv pHE ~100% (atopikn) Stacmopad tng evepyou paong.

vOuwe, n Bsppkn) yipavon/cuoowpdtwon (thermal sintering) twv kataAuTtikwv
OCWHATLOlWV TTapapEVEL 0 KUPLOG TPOTOG ANMWAELAC TNG KATAAUTIKAC eENidoong Twv
BLOMNXOVIKWVY KOTOAUTWYV HE TEPAOTLO OLKOVOMLKO KOOTOG.

Eivai o «puoikog Oavatoc» evog kataAvtn.

v Métal\a 6nwg ta Ir, Ru, Ag, ... LE EEXOUOEC KATAAUTIKEC LOLOTNTEC OE SLAPOPEC
dlepyaoiec uPnAov eptBaAlovtikoU Kal evepyeLakoU eviladEpovtog (ry. methane
reforming, De-NOx-N,O, TWCs, ...) dev epappolovtal otnv npagn Adoyw tng uPnAng
TAONC TOUG TIPOG BEPULKT) CUCOCWUATWON.

Ru<Ir< Pt < Rh: oslpa otaBepotntac twv evyevwv HETAAWY oTo oxidizing thermal

sintering (R.M.J. Fiedorow, B.S. Chahar, S.E. Wanke, J. Catal., 51 (1978) 193)



Mimjevioyet ©eprukis Ypevenss
>Particle Migration and coalescence (PMC)

>0stwald Ripening (OR)

a5
~ —

(i) Particle migration and coalescence (PMC)

0

b

(iii) Lower dispersion with different particle’s electronic
properties (lower metal-support interactions) catalysts

(ii) Vapor-phase-mediated (a) and support-surface-mediated (b)
atomic ripening (AR) /




MeAétn Oeppikng ynpavong (@ 750°C, 2h) tou Ir/y-Al,O,, Ir/YSZ, Ir/ACZ, Ir/GDC




-Aged

Ir/GDC

8t 10 nm

Fresh

Ir/GDC




% growth of Ir particles

0 100 200
OSC (umol Oy/g)

Ta xapaxtnpotikd Beppukiic yripavone vavoowpatdlwyv Ir cuvdéovral woxupd pe v Tyl
ToU eVpET@BAnToV TMAsypatwol 0% touv popéa (Oxygen Storage Capacity):

v'0Ooo peyaAltepn n StaBsopotnta tov Popéa o€ EUHETAPBANTO TTAEYHOTIKO
0§UYOVO TOCO ULKPOTEPN N TAON OLELOWTLKNG OEPULKNG CUCOWHUATWON G

v T npwtn ¢popd vavoowpatidia Ir otabeponolovvrat o tooo PnAég T=750°C

vI. V. Yentekakis, G. Goula, P. Panagiotopoulou, S. Kampouri, M. J. Taylor, G. Kyriakou, R. M. Lambert,
Stabilization of Catalyst particles against sintering ..., Appl.Catal. B 192 (2016) 357-364

v'I. V. Yentekakis, G. Goula, S. Kampouri ,et al., Catalysis Letters, 148 (2018) 341-347.
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MeAétn Oeppikng ynpaveong (@ 750°C/2h+850°C/2h) touv Rh/y-Al,0;, Rh/ACZ, Rh/CZ
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Ta xapaktnplotkd Oeppic yiipavong vavoowpoatidlwv Rh cuvdéovral woxupd pe thv
Ty Tou evpetdBAntov mAeyportkol) 0% touv Ppopéa (Oxygen Storage Capacity) ko tnv
Oepuoxpaocia kal Swdpkela yripavong:

v'0o0 peyalitepn n SwaBeoipotnta touv Popéa o UMETAPANTO MAEYUATIKO
ofuyovo TOOO WHEeYAAUTEPN N QAVIIOTOON OEf CUCCWHATWONG TOU TEALKA
egeliooctal oe EMANAAIAZINOPA tou Rh»
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Aged1: 20% O,/He, T=750°C, for 1h
Aged2: 20% O,/He, T=750°C, for 2h



EptnVEUTIKO MOVTEAO TNG avilotaonG o€ Oepukn yipavon Ko

genavadiaonopad (pe th Oswpnon TG evepyou duthootolpasdac)

O* back-spillover: O*— [0Q%, '] + 2¢’

Effective double layer [0, ']

N
~

Support with high oxygen ion lability .

<

~
N

. { dma
3 ~
1 ~

[: Particle migration and coalescence (PMC) b s 3

IIa and IIb: Ostwald Ripening sequence (OR)

S e eeee-t----

[II: Atom trapping (AT)

Ty

® : Rhodium atom



Enetepyaocio vypwv ooTLKWV ATTOPANTWV UE

tavtoxpovn Mapaywyn HAsktpkng Evepyelac.

3 - Eptropia nAeKTpIKAG Eptropia Eptropia
MNpbéoBeTo HAIOKO 1) EVEPYEING H, CO,
AI0AIKG TTdpKO A

|
:
MONAAA 1A Bloagpio 2
AVGEpéBIG CH4, C02 R K@ Kﬂﬂ@@ : C02
emegepyaoia ¥ > : :
gvepyou IAUOG Buoaspion !
! I
| |
: i 2
v : 3A
13 HAsxTEIKN) evépyai@ | ! Nayiceven CO,
Zeohi®ixd opiaxd
:
! X
COD !
v
MONAAA 2B H, CO;
— HASKTRONUTIKSE MONAAA 3B
> Zreped avépyava
vreAefippera

Awaypaupa ponc tne kauvorouov dispyaciac emeéepyaciac vypwv arobBAtwy
vnAov COD Ko evepyoU LAUOC yial TNV CUUTTOpOYWYn NAEKTDIKAC EVEPYELOLC.



