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ABSTRACT

PREPARATION AND CHARACTERIZATION OF METAL OXIDE
SUPPORTED GROUP 9B METAL NANOPARTICLES AND THEIR USE
AS ELECTROCATALYSTS IN WATER SPLITTING

Akbayrak, Merve
Doctor of Philosophy, Chemistry
Supervisor: Prof. Dr. Ahmet M. Onal

September 2022, 215 pages

Hydrogen has been regarded as a crucial energy carrier due to its high energy density.
Therefore, there is an increasing attention for the production of hydrogen. Among
the hydrogen production methods, water splitting is one of the well-known
environmentally friendly methods for the production of hydrogen. Although a large
variety of catalysts have been tested in water splitting, the development of efficient
and long-lived electrocatalysts is still an important issue. This thesis covers the
preparation, characterization and the catalytic use of metal oxide supported group
9B metal nanoparticles (Co, Rh, Ir) in water splitting. Metal nanoparticles were
formed on the surface of various metal oxides such as titania, zirconia and ceria by
a simple impregnation method and the catalysts were characterized by advanced
analytical techniques. The electrocatalytic activity and stability of the catalysts on
glassy carbon electrode for both oxygen and hydrogen evolution reactions in water
splitting were investigated.



The onset potential and overpotential of Ir/CeO> were found as -13.0 and -23.0 mV,
respectively. Moreover, among the other Rh and Co based catalysts, Ir/CeO;
provided lower Tafel slope (38.7 mV.dec™), higher turnover frequency (1.95 s™) and
higher exchange current density (2.69 mA.cm2). Ir/CeO, shows superior stability
even after 20 000 cycle in acidic environment which makes 1r/CeO; as a promising
electrocatalyst for HER.

On the other hand, Co/CeQO, exhibited impressive performance for the oxygen
evolution reaction in an alkaline environment with low overpotential (0.368 V), low
Tafel slope (63.0 mV.dec), and high TOF value. Although the commercial Coz0x4
loses its activity to a great extent after the stability test, for the Co/CeO2 no noticeable

change was observed in Tafel slopes and overvoltages.

Keywords: Transition Metals Nanoparticles, Metal Oxides, Water Splitting,

Hydrogen Evolution Reaction, Oxygen Evolution Reaction
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METAL OKSITLERLE DESTEKLENMIS GRUP 9B METAL
NANOPARCACIKLARININ HAZIRLANMASI, TANIMLANMASI VE
ELEKTROKIMYASAL KATALIZORLER OLARAK SUYUN
AYRISMASINDA KULLANILMASI

Akbayrak, Merve
Doktora, Kimya
Tez Yéneticisi: Prof. Dr. Ahmet M. Onal

Eyliil 2022, 215 sayfa

Hidrojen sahip oldugu yiiksek enerji yogunlugundan dolayr 6nemli bir enerji
tastyicist olarak diistiniilmektedir. Bu nedenle hidrojen iiretimi oldukca dikkat
cekmektedir. Hidrojen {iretim yollar1 arasinda suyun ayrismasi iyi bilinen ¢evre
dostu hidrojen fiiretim metotlarindan biridir. Suyun ayrismasinda cok c¢esitli
katalizorler test edilmesine ragmen, uzun Omiirlii ve etkili eletrokatalizorlerin
gelistirilmesi halen 6nemli bir arastirma konusudur. Bu tez metal oksitlerle
desteklenmis grup 9B metal nanoparcaciklarimin (Co, Rh, Ir) hazirlanmasi,
tanimlanmast ve suyun ayrigmasinda kullanilmasini kapsamaktadir. Metal
nanopargcaciklari titanya, zirkonya ve serya gibi ¢esitli metal oksit ylizeylerinde basit
impregnasyon metodu ile olusturulup hazirlanan katalizorler geligsmis analitik
tekniklerle tanimlanmistir. Camsi karbon elektrotlar1 iizerindeki katalizorlerin
elektrokatalitik aktiviteleri ve dayanikliliklart suyun ayrismasinda gerceklesen

oksijen ve hidrojen iiretim tepkimelerinde arastirilmistir.
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Polarizasyon egrilerine gore, Ir/CeO2'nin baslangi¢ potansiyeli ve asir1 potansiyeli
sirasiyla -13.0 ve -23.0 mV olarak bulunmustur. Ayrica, diger Rh ve Co bazlh
katalizorler arasinda, Ir/CeO; daha diisiik Tafel egimi (38.7 mV.dec), daha yiiksek
devir frekansi (1.95 s) ve daha yiiksek degisim akimi yogunlugu (2.69 mA.cm™)
sagladi. EK olarak, Ir/CeO, asidik ortamda 20.000 dongiiden sonra bile tistiin
stabilite gosterdi ve bu da Ir/CeQO2'yi HER i¢in umut verici bir elektrokatalizor yapti.

Ote yandan, Co/CeO; diisiik asir1 potansiyel (0.368 V), diisiik Tafel egimi (63.0
mV.dec?), ve yiiksek TOF degerleri ile alkali bir ortamda oksijen olusumu
reaksiyonu igin etkileyici performans sergiledi. Ticari Co3Os, stabilite testi
sonrasinda aktivitesini biiyiik Olglide kaybetmesine ragmen, Co/CeO2’nin Tafel

egiminde ve asir1 geriliminde gozle goriiliir bir degisiklik gozlenmedi.

Anahtar Kelimeler: Gegis metalleri nanopargaciklari, Metal Oksitler, Suyun

Ayrigmasi, Hidrojen Uretim Reaksiyonlari, Oksijen Uretim Reaksiyonlar

viii



To my most precious one, Zehra



ACKNOWLEDGMENTS

I would like to express my deepest appreciation to my supervisor Prof. Dr. Ahmet M.
Onal for his guidance, support, encouragement and patience. I am profoundly grateful
to him for teaching me how to become a good scientist and for helping me in many

ways. It was an honor to work with him.

I would like to express my gratitude to my thesis monitoring committee members Prof.
Dr. Emren Nalbant and Prof. Dr. Seha Tirkes for their support, help and understanding
throughout my PhD studies.

I would like to thank to B24 lab members for their kind friendship and support.

I would like to thank the esteemed staffs of our department, especially Nizamettin
Kavut, Erdal Sasik, Saban Gelis, and Cafer Kaya, for helping me whenever I needed
at every stage of my PhD.

I want to express my deepest gratitude to my mother Ayse Erkan, my father Ishak
Erkan and my brother R. Emre Erkan for making my life easier during my PhD
adventure, being understanding towards my every behavior, standing behind me in my
every decision, raising me with faith, teaching me that the honesty is more important

than anything else in life. | am grateful for their endless love.

The two people | owe my biggest thanks to; my daughter Zehra Akbayrak and my dear
husband Serdar Akbayrak.

Even when | was pregnant to her, she suffered from exam stress with me, she was
exposed to the stress of my doctoral process from the moment she was born, but despite
her young age, she was always understanding towards me and loved me the most.
| sincerely believe that one day when she grows up, she will understand me.

She is my light of life.

Words are not enough to express my endless gratitude to Serdar Akbayrak, for
believing in me and giving me endless support. Without his love, understanding and
encouragement, everything would have been much more difficult for me. I want to

thank him for making my life more meaningful and for always being there for me.

X



TABLE OF CONTENTS

ABSTRACT ettt ettt et b e a e b e nre e e e Y
07/ UT TR vii
ACKNOWLEDGMENTS ... X
TABLE OF CONTENTS ..o Xl
LIST OF TABLES ..o Xiv
LIST OF FIGURES ... e XVi
LIST OF ABBREVIATIONS ... XXI
CHAPTERS. ...ttt esne e nr e e reennneens 1
1. INTRODUCGTION . ...ttt 1
1.1.  Therole of hydrogen and fuel cells in the global energy system.................... 1
1.2.  Hydrogen production by water SPHtting...........cccoovrieiiiiiiencieneceeseeees 3
1.3, WALl EIECTIOIYSIS .t 3
1.3.1. Historical background of water electrolysis...........ccccevvriniieniiiiiice 3
1.3.2. Types of Water leCtrolYSIS.........coviiiiiiiiieiee e 4
1.3.3. Thermodynamics of electrolytic water Splitting...........cccocevereniiiiiinienn 5
1.3.4. Mechanism and kinetics of the hydrogen evolution reaction......................... 6
1.3.5. Mechanism and kinetics of the oxygen evolution reaction .......................... 10
S O | -1 V] S OSSPSR 12
1.4.1. Brief definition of catalyst..........cccoeiieiiiii 12
1.4.2. Sabatier’s catalyst laW .........ccooiiiiiiiiiiiii 13
1.4.3. Classification of CatalystS.........cccccveiiiiiiiiiicie e 14
1.4.4. Transition metal nanoparticles ( TMNPS) in catalysiS.........c.ccccevvveiieinnnne, 14
1.4.5. Preparation and stabilization of TMNP catalysts..........ccccccorveiiiniiniiininnnn, 15

1.4.6. Significance, characteristics and types of the supporting materials in

heterogeneous CatalySIS ..o 17



1.4.9. Characterization of transition metal nanoparticles in the catalyst............... 23
1.4.10. Key parameters used to evaluate the catalytic activity.............cc.coovrinnennne, 29
2. EXPERIMENTAL. ..ottt 41
2.1, IMEEIIAIS ..o e nre s 41
2.2.  Synthesis of metal oxide containing catalysts...........ccccooveveriiiiiiniinicienn, 41
2.3.  Electrode preparation and electrochemical studies for HER and OER......... 42
2.3.1. Electrochemical SEIUP........cceiveiicieiiee et 42
2.3.2. Electrode Preparation..........cccovcceeieieenesiieseese e steesie et sre e e se e 43
2.3.3. Electrochemical MeasuremMents ..........ccooevereienininiieie e 44
2.4, INSEEUMENTALION ......iiiiiiiecic bbb 44
3. RESULTS AND DISCUSSIONS........ccooiiiieiiisieise e 45
3.1.  Electrocatalytic activity of MOz (M= Ti, Zr, Ce) supported rhodium, iridium

and cobalt nanoparticles towards HER...........ccccoovviiiiiiiineeee 45
3.1.1. Electrocatalytic activity of Rh NPs supported on MOa.........ccccviiiiinnennee, 45
3.1.2. Electrocatalytic activity of Ir NPs supported on MOz.........c.ccoovvivvrennennen. 63
3.1.3. Electrocatalytic activity of CONPs supported on MOz.........cccovvvivrienennen. 78
3.1.4. Conclusions about the performance of group 9B transition metal catalysts

towards hydrogen evolution reaction ............cccceeveveevi e ciece e 82
3.2.  Electrocatalytic activity of MOz (M= Ti, Zr, Ce) supported rhodium, iridium

and cobalt nanoparticles towards oxygen evolution reaction..............c........ 84
3.2.1. Electrocatalytic activity of Co NPs supported on MOg.........ccccevviviinniennen. 84
3.2.2. Electrocatalytic activity of Ir NPs supported on MOz.........c.ccovvvvvinennne 106
3.2.3. Electrocatalytic activity of Rh NPs supported on MOa........ccoovvvivinnnnnne. 117
3.2.4. Conclusions about the performance of group 9B transition metal catalysts

towards oxygen evolution reaction...........cccceevveiieiiieesiie s 119
4. CONCLUSION. ..ottt 121

Xii



REFERENGCES ... .o s 127
APPENDICES

A. Synthesis, preparation and electrochemical studies of the catalysts for investigation

of activity towards HER and OER............cccoieiiiii e 179
B. Counter electrode effect Pt vs. carbon rod ............ccooeveiineiciniicceeee, 185
C. SuppOrting infOrmMatiIoN ..........c.cceeieieeriesie et neenes 193
D. Electrochemical properties of metalS...........ccccovveviiiiiiecii e 203
CURRICULUM VITAE . ... 213

Xiii


file:///C:/Users/merve/Desktop/tez%20düzeltmeleri/Merve%20Akbayrak%20PhD%20tez-Ati-22-07-2022%20.docx%23_Toc109056502
file:///C:/Users/merve/Desktop/tez%20düzeltmeleri/Merve%20Akbayrak%20PhD%20tez-Ati-22-07-2022%20.docx%23_Toc109056503
file:///C:/Users/merve/Desktop/tez%20düzeltmeleri/Merve%20Akbayrak%20PhD%20tez-Ati-22-07-2022%20.docx%23_Toc109056503
file:///C:/Users/merve/Desktop/tez%20düzeltmeleri/Merve%20Akbayrak%20PhD%20tez-Ati-22-07-2022%20.docx%23_Toc109056508
file:///C:/Users/merve/Desktop/tez%20düzeltmeleri/Merve%20Akbayrak%20PhD%20tez-Ati-22-07-2022%20.docx%23_Toc109056515
file:///C:/Users/merve/Desktop/tez%20düzeltmeleri/Merve%20Akbayrak%20PhD%20tez-Ati-22-07-2022%20.docx%23_Toc109056516
file:///C:/Users/merve/Desktop/tez%20düzeltmeleri/Merve%20Akbayrak%20PhD%20tez-Ati-22-07-2022%20.docx%23_Toc109056526

LIST OF TABLES
TABLES

Table 1. The OER mechanism summarized by Matsumoto and Sato. Reproduced with
permission ref Copyright 1986, EISEVIEr.........ccoiiiiiiiiiiiiceee e, 11
Table 2. Onset potentials, Tafel slopes and overpotential values of bare GCE, TiO>
and Rh/TiO, for the initial state and after 2000 cycles treatment. (With IR
COMPENSALION.) 1.vtitiitiiiieite ettt e et e e e s e te et e e seesbe et e e saesreeseeneesreenseans 46
Table 3. Oxidation-dissolution-deposition process of Pt in acidic medium.............. 47
Table 4. Onset potentials, Tafel slopes and overpotential values of initial Rh/TiO. and
Rh/TiO> after 500, 1000 and 10000 cycle treatment. (With IR compensation.)........ 48
Table 5. Activity results of Rh/CeO, catalysts at different loadings and loading
(0 1= OS] TSRS 52
Table 6. Summary of recently reported electrocatalysts using for HER in 0.5 M H2SO4
reaction medium. Data were recorded 2with and  without IR compensation. (Note that
for the IR compensation, solution resistance (Rs) was calculated from EIS and the
effect of Rs were corrected by using positive feedback IR compensation.) .............. 58
Table 7. Overpotential, Tafel slope and onset potential values of 1r/CeO- catalysts with
AIfferent Ir I0A0ING .....ccveieeecc e 65
Table 8. Literature survey of some reported HER electrocatalysts in 0.5 M H2SO4
FEACTION MEUIUM. .eeviiiiie ettt e st ete e e sre e teenaesreeneeaneenrens 70
Table 9. Onset potential, overpotential, Tafel slope and exchange current density
values of Co containing catalysts with different supporting materials. ..................... 78
Table 10. Tafel slopes, exchange current densities, overpotential values and TOF
values of M/CeO (M: Rh, Ir, Co) catalysts and commercial 10 % Pt/C catalyst...... 82
Table 11. Tafel slope, onset potential, overpotential, and exchange current density of

synthesized catalysts and commercial Co304. ........ccceoviiieriiinireenee e 85
Table 12. Various Co based OER electrocatalysts reported in 1.0 M KOH. ............ 90
Table 13. Calculated double layer capacitance and ECSA values of Co/TiO2, Co/ZrOa,
Co/Ce0,, and C0304 from the EIS and CV measurements..........ccocevererereneeieennnn 94
Table 14. TOF values of Co/TiO2, Co/ZrO2, Co/CeO2, and commercial Co304 at
different overpotentials and current densities. ........ccccevveiiieeiieiii i 96

Xiv



Table 15. Tafel slopes and transfer coefficients of Co/MO> (M: Ti, Zr, Ce) catalysts
at dIfferent tEMPErALUIES. ......c.ooeeiieie e e 101
Table 16. Tafel slopes, onset and overpotential values at 10 mA.cm of as-synthesized
(0721 22 L) VES] TSRS 108
Table 17. Several Ir-containing OER electrocatalysts reported in alkaline media.. 109
Table 18. Transfer coefficients and Tafel slopes of 1r/CeO: at different temperatures.

Table 19. Comparison of the OER performance of the metals ..............cccoeevennen. 120

Table 20. Required cell potentials for the overall water splitting. (Potentials were
given as V vs. HG/HQO in the table) ... 120

XV



LIST OF FIGURES

FIGURES
Figure 1. Advantages of hydrogen gas and its production methods ...............cc.c....... 2
Figure 2. Schematic representation of possible reaction steps for HER .................... 7

Figure 3. Trassati’s volcano plot for the hydrogen evolution reaction in acid
solutions'®. Reprinted (adapted) with permission from ref (19). Copyright (2010)
American ChemiCal SOCIELY. ........cuciuiiieiicie e 9
Figure 4. Relationship between jo and AGn+. Reprinted (adapted) with permission
from ref (23). Copyright (2020) American Chemical SOCIetY ........ccccoevvveriviverveeenne 9
Figure 5. Representative energy diagram for the uncatalyzed and catalyzed OER
reaction.Reproduced from Ref. 62 with permission from the Royal Society of
CRBMISTIY. bbbt nb e bbb 13
Figure 6. Volcano plot that illustrate the Sabatier principle. Reprinted from ref 28,
Copyright (2015), with permission from EISEVIer. .........cccccvvevieveieeieee e 13
Figure 7. Method of nanoparticle synthesis; (A) top-down approach and (B) bottom-
up approach of nanoparticle synthesis with examples. Reproduced from Ref. 76 with
permission from the Royal Society of Chemistry. .........c.ccooviiiieieniiercceeee, 16

Figure 8. Types of supporting materials which used to prevent agglomeration of

Figure 9. a) Potential vs. time and b) current vs. potential graphs for linear sweep
VOITAMMELIY. .ot b bbbt 25
Figure 10. Nyquist and Bode plots for representation of electrochemical impedance
spectroscopy. Reprinted from ref , Copyright (2020), with permission from Journal
of Electrochemical Science and Technology. ........ccccocevveiiiiccie e, 27
Figure 11. Equivalent circuit for EIS measurements ..........cccocceveneienininiiisceenn 28
Figure 12. Pathway of a Faradic process. Reproduced with permission from ref.

[140,141]. Copyright © 2016, IOP Publishing Ltd. ...........cccoeiininininiiiiiiiccen 30
Figure 13. Hoffman electrolysis apparatus............cccocveiiiieiieiieesie e 38
Figure 14. Synthesis scheme of the catalystS ...........ccocvviiiiiiiinn 42

Figure 15. The electrochemical cell and its components used during electrochemical

(LT S VT 1AL 0] TR 43

XVi



Figure 16. (a) The comparison of polarization curves of bare GCE, TiO> and Rh/Ti0»
catalyst on GCE before and after treatment in 0.5 M H2SO4 at a scan rate of 20 mV.s™!
(b) Polarization curves for the initial, 500, 1000, 1500 and 2000 cycle treated Rh/TiO,
catalyst on GCE in 0.5 M H2SOs at a scan rate of 20 mV.s™ ..o, 47
Figure 17. (a) Polarization curves of the treated electrodes (bare GCE, TiO; and
Rh/TiO; catalyst on GCE) at 20 mV.s™! scan rate in 0.5 M H2SOs and (b) corresponding
TALE] CUTVES. .. e ne e 49
Figure 18. The electrocatalytic activities of untreated and treated Rh/TiO2 with
graphite and Pt counter electrode. (CE: counter electrode) .........ccccccovvrienieeieiinnnnnn. 49
Figure 19. Polarization curves of the Rh containing catalysts in 0.5 M H2SOsa........ 50

Figure 20. Polarization curves of Rh/CeO catalysts with different loading amounts.

Figure 21. a, b) TEM images and, c) the corresponding EDX spectrum of Rh/CeO>

and d) the particle size distribution histogram. ...........ccooiiiiiiee, 54
Figure 22. Powder XRD pattern of a) Rh/CeO: (4.0% wt. Rh and b) bare CeOs,.
(JCPDS file NO: 81—=0792). ..ciuteeiieieiie sttt ne e 55
Figure 23. (a) The survey-scan XPS spectrum of Rh/CeO,, (b) XPS spectrum of Rh
K 1o [ o g [0 TSRS SRR 56

Figure 24. Polarization curves obtained in 0.5 M H,SO4 (voltage scan rate=5 mV.s™)
for the unmodified GCE, CeO> modified GCE, Rh/CeO> and Pt/C modified GCEs.
(Inset: Tafel plots for Rh/CeO> and Pt/C obtained from polarization curves for HER.)

Figure 25. The polarization curves of Rh/CeOz in 0.5 M H2SO4 before and after 10000
cycles which correspond t0 55.5 .. 59
Figure 26. a) Copper UPD of Rh/CeO: in 1 M H2SO;4 solution and b) corresponding
TOF vs overpotential graphis. .........cooiiiriiiiiee e 60
Figure 27. a) The Nyquist plots for Rh/CeO- at different overpotentials b) Tafel plot
of Rh/CeO,-GCE, obtained using RCT from the EIS...........ccoociiiiiiiii, 61
Figure 28. (a) Representative multi CV experiment at different scan rates for CpL
determination in 0.5M H,SOg4; (b) capacitive current at 0.45 V (vs Ag/AgCl) versus
scan rates for R(/Ce02. ECSA = 6.75 CM .......coooveeeeireeceeeeeeee e eseseseeeeneneen, 62
Figure 29. Generated H> volume versus time graph for Rh/CeO: during the
electrolysis of water in 0.5 M H>SOa. Theoretical value was obtained from ideal gas

equation and Faraday’s relation. ...........ccoovviiiiiiiienc e 62

Xvii



Figure 30. LSV curves for Ir/CeOg, Ir/ZrO,, Ir/TiO2 and CeO2 on GCE, Pt/C and bare
GCE in 0.5 M H2S04 (inset; the curves zoomed on onset potential of Ir/ZrOa, Ir/TiOy,

CEO20N GCE) ittt ettt bbbttt bbbt 64
Figure 31. LSV curves for the Ir/CeO catalysts with different Ir loadings.............. 65
Figure 32. a, b) TEM images, c) the histogram and d) the corresponding TEM-EDX
SPECLIUM OF 11/CRO2. .o 66
Figure 33. Diffraction pattern of a) Ir/CeOz (2.44% wt. Ir) and b) CeO.. ................ 67

Figure 34. (a) LSV curves for Ir/CeO,, It/ZrO,, Ir/TiO; and CeO2 on GCE, Pt/C and
bare GCE in 0.5 M H>SOs (inset; the curves zoomed on onset potential of Ir/ZrO»,
Ir/TiO2, CeO2 on GCE), (b) corresponding Tafel slopes of It/CeO., It/ZrO,, Ir/TiO:
AN PU/C. e s 68
Figure 35. (a) The polarization curves of Ir/CeQO> at the beginning, after 10000 and
20000 cycle in 0.5 M H,SO, (20000 cycles correspond to 111 h) (b) The corresponding

TATRL PIOLS. 1.vviiiiiii et 72
Figure 36. a) Linear sweep voltammograms of 1r/CeQO> before and after Cu-UP in 1.0
M H2SO04 and b) TOF (s1) vs n (V) graph of Ir/CeO2 in 0.5 M HzSO...................... 73
Figure 37. a) The Nyquist plots of Ir/CeO at different overpotentials and b) Tafel plot
obtained using Rct from the EIS. ... 74
Figure 38. (a) Multi CV experiment for determination of Cp_ at different scan rates in
0.5 M H2S0O4 and (b) capacitive current at 0.50 V (vs Ag/AgCI) versus scan rates for
[T SO SRRTSTR 75
Figure 39. LSV curves of Ir/CeO2 in 0.5 M H2SO4 solution (pH= 0.3), buffer solution
( disodium hydrogen phosphate/ potassium dihydrogen phosphate, pH= 7.0) and 1M
KOH solution (pH= 14.0) (Inset Figure: The magnified image at lower current density
for basic and neutral MEedIUM)..........cooiiiiiiiiiee e 75
Figure 40. (a) Tafel curves of the Ir/CeO; catalyst at different temperatures in 0.5 M
H2SO4 and (b) corresponding Arrhenius Plot.........coovveiiiiiiei e 76

Figure 41. Generated H, volume versus time graph for Ir/CeO, during the electrolysis
of water in 0.5 M H SO, . Theoretical value was obtained from ideal gas equation and

Faraday’s 1€lation. .........cocuiiiiiiiiiiici s 77
Figure 42. Polarization curves of the Co containing catalysts in 0.5 M H2SOs........ 78
Figure 43. a and b)TEM images, c) particle size histogram and d)TEM-EDX spectra
(0] 00 1= S SR 79

Xviii



Figure 44. XRD patterns of Co/CeO2 and bare cerium oXide. ..........c.coovrvrivrvennnnns 80
Figure 45. Consecutive LSV measurements of Co/CeO- in H.SO4 towards HER. .. 81
Figure 46. a) LSV curves of bare GCE, C0304, metal oxides (TiOz, ZrOz, and CeOy),

Co/TiO2, Co/ZrO,, and Co/CeO., and b) corresponding Tafel plots. ...........ccccevenee. 85
Figure 47. TEM images, TEM-EDX spectra and particle size histograms of a,b, and
c) Co/TiO2, d,e, and f) Co/ZrOz and g,h, and 1) CO/Ce02......ccvvvvviiiiiiieieeieee e 86
Figure 48. XRD patterns of Co/MO: and bare metal OXides. ..........ccocovvrvrivieninnnnn 87
Figure 49. a) LSV curves of bare GCE, C0304, metal oxides (TiOz, ZrOz, and CeOy),
Co/Ti02, Co/ZrO,, and Co/CeO., and b) corresponding Tafel plots. ...........ccccvenee. 88

Figure 50. EIS measurement of a) Co/TiO3, c) Co/ZrO,, and e) Co/CeO: at a potential
range between 650mV and 700 mV vs. Hg/HgO and b, c, and f) corresponding Tafel
0] 0] £SO SS 93
Figure 51. Representative multi-scan CV experiments for a) Co/TiO2, ¢)Co/ZrO,, €)
Co/CeO> at different scan rates (10, 20, 40, 60, 80, and 100 mV/s ) for CpL
determination in 1.0 M KOH; b,d,f) corresponding capacitive current versus scan rate
plots at 0.27 V (vs. Hg/HgO) for Co/TiO2, Co/ZrO2, and Co/CeOz, respectively..... 95
Figure 52. TOF values of Co/TiO2, Co/ZrO,, Co/CeO,, and commercial Co3O4 at
different OVErPOLENTIALS. ......oviiiieieire e 97
Figure 53. The polarization curves of a) Co/TiO2 b) Co/ZrO; and c) Co/CeO: at the

beginning and after 3-hour chronopotentiometry experiment (inset Figure) at 10

MA.CMZ N 1.0 M KOH. ..ottt 99
Figure 54. Tafel curves of the a) Co/TiOz, ¢) Co/ZrO and e) Co/CeO; at different
temperatures in 1.0 M KOH and b, d, f) corresponding Arrhenius plots.................. 102
Figure 55. LSV curves of (a) Co/TiOz, (b) Co/ZrO,, (c) Co/CeO2 at 0.2, 0.4, 0.6, 0.8,
and 1.0 M KOH SOIULION. ....c.coiiiiiiiiiisiceieeiee e e 103
Figure 56. Faradic efficiency of (a) Co/TiO2, (b) Co/ZrO., (c) Co/CeO: for 1 h... 104
Figure 57. LSV curves of Ir/CeO., Ir/ZrOy, Ir/TiO2 in 1.0 M KOH...........cccccuenenn 106

Figure 58. a) IR corrected LSV curves for bare GCE, metal oxides on GCE
(MO2:Ce02, TiO2, and ZrO), Ir@TiO2, Ir@ZrO2, and Ir@CeO,, b)Tafel slope
analysis of corresponding electrocatalystS...........cooiiiriiiiiiiieice e 107
Figure 59. a) Electrochemical impedance spectroscopy results of Ir@CeO, at
700 mV - 800 mV vs. Hg/HgO potential range and b) Tafel graph obtained using the
data from EIS. ... e 111

XiX



Figure 60. a) The multi-scan CV curves of Ir@CeO> acquired in 1.0 M KOH at
different scanning rates from 10, to 120 mVs ! and b) current densities as a function
of scanning rates with the slope corresponding to the CpL value..........c.cccevennnnen. 112
Figure 61. Tafel plots of the Ir/CeO> catalyst in 1.0 M KOH at various temperatures
(@) and the related Arrhenius Plot (). .....ccooviiiriieii e 113
Figure 62. (a)VVoltammograms taken before and after the stability test of Ir@CeO2 (b)

Chronopotentiometry measurement in 1.0 M KOH at 10 mA.CmM™..........ccccoevrunne. 115
Figure 63. a) LSV curves of Ir/CeO. and b)corresponding Tafel slopes at different
KOH SOIULIONS. . ...ttt enes 116
Figure 64. LSV scans of Rh/CeO2iNn LOM KOH .......ccooiiiiiiiiieieeeee 118

Figure 65. a) The multi-scan CV curves of Rh@CeO; acquired in 1.0 M KOH at
different scanning rates from 10, to 100 mVs ! and b) current densities as a function

of scanning rates with the slope corresponding to the Cpp value..............ccccveneee. 118

XX



LIST OF ABBREVIATIONS

ABBREVIATIONS

HER: Hydrogen Evolution Reaction

OER: Oxygen Evolution Reaction

NPs: Nanoparticles

TMO: Transition Metal Oxides

LSV: Linear Sweap Voltammetry

CV: Cyclic Voltammetry

EIS: Electrochemical Impedance Spectroscopy
UPD: Under Potential Deposition

CoL Double Layer Capacitance

SEM: Scanning Electron Microscopy

TEM: Transmission Electron Microscopy
ICP: Inductively Coupled Plasma

EDX: Energy Dispersive X-ray Spectroscopy
XRD: X-ray Diffraction

XXi



xXxii



CHAPTER 1

INTRODUCTION

1.  The role of hydrogen and fuel cells in the global energy system

Concern about climate change and exhaustible sources of fossil fuels has led to the
need for alternative and renewable energy sources and carriers.! Most of our energy
comes from fossil fuels, but fossil fuels are non-renewable, not environmentally
friendly because they are carbon monoxide pollutants, and have limited resources.
There are some alternative and renewable energy sources such as solar, wind, wave,
hydro, bio and geothermal energies to improve local air quality by reducing global
carbondioxide emissions and to create new industrial and technological energy bases
for future economic prosperity.

Hydrogen as an energy carrier has attracted significant attention because it has the
highest gravimetric energy density of any known fuel.? Hydrogen is a lightest,
colourless, odourless and non-toxic gas which has the highest specific energy content
of all conventional fuels and is the most abundant element in the universe. 3>* Hydrogen
may be used as fuel in almost any application, where fossil fuels are used presently —
particularly for motorising the vehicles, which would offer immediate benefits in terms
of reduced pollution and cleaner environment®. Currently hydrogen is being used for
synthesis of ammonia and other nitrogenized fertilizers, refining and desulphurisation
(hydrogenation reactions, hydrodesulphurization); hydrogenation of hazardous wastes
(dioxins, PCBs); chemical plants, food preparation; synthesis of methanol, ethanol,
dimethyl ether (DME); alternative fuels synthesis by Fischer—Tropsch (FT) process;
gas to liquid (GTL) synthesis technology; rocket fuel; IC engine fuel; high temperature

industrial furnaces fuel.®



Although the advantages of hydrogen over fossil fuels are unquestionable when
considered at the local level, producing hydrogen by the current methods may have

disadvantages which outweigh the benefits when considered on a global level.

Most hydrogen is produced on an industrial scale from natural gas, and naphtha -LPG
by catalytic steam reforming, and from heavy oil fractions by partial oxidation.’
Carbon dioxide is generated in large amounts in the production of hydrogen by the
steam reforming of hydrocarbons. The environmental benefits of a hydrogen-based
energy system may therefore be questionable if the demand for hydrogen has to be
covered by intensive use of fossil resources because this process is clearly a net

contributor to carbon dioxide emissions.®

The true potential of a hydrogen-based energy system may only be achieved if
hydrogen is made available from renewable resources such as biomass and also by
water splitting either through electrolysis using electricity generated by renewable
energy sources (e.g. sunlight, wind, wave or hydro-power) or directly by photo-

catalysis.
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Figure 1. Advantages of hydrogen gas and its production methods



1.2. Hydrogen production by water splitting

Thermochemical, photochemical and electrochemical water splittings are the types of
hydrogen production techniques. In thermochemical water splitting, high temperatures
are used to produce hydrogen and oxygen from water. High temperatures can be
obtained from nuclear or solar power. In photochemical water splitting, light absorbing
semiconducting materials are used as an anode or a cathode and electrolysis can be
driven by photochemically created holes and electrons. Reduction reaction are carried
out by the electrons in the conduction band and oxidation reaction could be achieved
by the electron holes in the valance band. In this method water can be directly splitted
into hydrogen and oxygen by ultraviolet (UV) light from sunlight. This method is one
of the most environmentally friendly methods because it produces no greenhouse gas
emissions. However, UV light is harmful for all living things. In electrochemical water
splitting, reactions are conducted in an electrolysis cell consisting of electrodes,
electrolyte, an electronic conductor and an ionic conductor. When an external voltage
is applied, water split into hydrogen at the cathode and oxygen at the anode
compartment. Although obtaining pure hydrogen is a great advantage, electrolytic
water splitting has also some disadvantages such as high cost and high energy
consumption. Many researches have been conducted and catalysts have been designed

to decrease the cost and energy consumption and increase the efficiency of reaction.

1.3. Water electrolysis

1.3.1. Historical background of water electrolysis

English researchers William Nicholson and Anthony Carlisle started research on the
first real electrolysis of water with copper electrode in 1780 (a few weeks after Volta’s
invention of voltaic piles) and after a month, hydrogen and oxygen collected separately
by German researcher Johann Wilhelm Ritter. >0 In the years 1833-1834, British
scientist Michael Faraday established a quantitative relationship between the mass of
the substances (converted in the electrolysis process) and the amount of electricity
(passing through the electrode/electrolyte interface) and discovered the main laws of

electrolysis.



In 1889, Walther Hermann Nernst initiated the development of
electrochemical/electrolysis thermodynamics and in 1905 Julius Tafel developed the
first kinetic approaches.!! The Tafel equation was an empirical equation, and John
Alfred Valentine Butler in 1924, Max Volmer and Tibor Erdey-Gruz in 1930, and later
Alexander Naumovich Frumkin developed the theoretical background of this

equation.*?

1.3.2. Types of water electrolysis

When a voltage is supplied, hydrogen is formed on the cathode and oxygen is formed
on the anode. Since pure water has a poor electrical conductivity (0.05 uS/cm) with an
ion concentration of only 10" M, water electrolysis takes a long time in neutral water
at room temperature. As a result, acid, base, or salts are commonly added to increase
the conductivity of the electrolyte. Water electrolysis is classified into many forms
based on electrolytes employed and the methods used to separate the reactions such as
alkaline, acidic, polymer electrolyte membrane (PEM) and solid oxide electrolyte
(SOE) water electrolysis. Because of the high temperature, solid oxide water
electrolysis necessitates a large amount of energy. PEM-based water splitting is
conducted under acidic conditions and with PEM. This state offers a few benefits over
others, including decreased gas permeability and increased proton conductivity.'® It
has a high energy efficiency and a rapid rate of hydrogen generation. However, the
requirement of acidic media limits the OER electrocatalysts.!* For the alkaline
electrolysis cell, water splitting is performed under alkaline condition. In comparison
with cells using acidic media, water splitting in alkaline media broadens the selection
of the electrocatalysts to non-noble metals or metal oxides. However, the activity of
HER in alkaline media is usually 2-3 orders of magnitude lower than the activity of
HER in acidic media.r® Therefore, the design of optimal electrocatalysts suitable for
the different media with low-cost, high catalytic activity, and good durability for

electrolytic water splitting is very challenging.



1.3.3. Thermodynamics of electrolytic water splitting

Electrochemical water splitting reaction divided into two half reactions: hydrogen
evolution reaction (HER, water reduction) at the cathode compartment and oxygen
evolution reaction (OER, the water oxidation) at the anode part. 16

At standard conditions (298 K, 1 bar) when the water is liquid, the water splitting
reaction is described by

H20 gigp — H2(g) + 2 Oz 1)

Theoretically, the minimum required potential to split water into hydrogen and oxygen
is the thermodynamic reversible potential of the reaction, which is related to the change
in Gibbs free energies of the involved reactants and products. The minimum voltage

can be calculated as

1
E19ev,T —3F (61912 +0.5 682 - 619120(1))T )

Where G is the standard molar Gibbs free energy; F is the Faraday constant, T is the
temperature (25 °C -200 °C). According to LeRoy and Bowen reversible reduction

potential can be calculated as followed'’;
ES,r = 15184 —1.5421x10°T+9.523x10°T InT+9.84x10°T?  (3)

At standard pressure (1 bar) and 298 K, the minimum thermodynamic reversible
potential value is 1.229 V. By using this value minimum Gibbs energy can be found
as 237.18 k mol™.18

Cathode reaction (HER) 4e + 4H,0(¢) —40H aq)+2H2 (4)  E2=0V vs.RHE
Anode reaction (OER)  40H (oq) — 4e + 2H00y+ Oz (5) E2=1.23V vs. RHE

Overall reaction 2H20() —2H2) +02q) (6) E°=EQ-E2=1.23V vs. RHE



To split the water into hydrogen and oxygen successfully and get a significant current
density, a higher thermodynamic operational voltage than the thermodynamic
equilibrium voltage (1.23 V) is needed. Overpotential, n, is the excess potential at a
certain current density and used for overcoming the intrinsic activation barriers (anodic
(na), cathodic (n¢) overpotentials and solution resistance and contact resistance (nother
= IR ohmic drop)). The total voltage required for water splitting can be formulated as

follows:

Etota|=1.23 V +7’]a+|7’]c|+ IR (7)

The main reasons which cause the overpotentials are charge transfer resistance at both
anode/electrolyte and cathode/electrolyte interfaces, resistance of electrolyte and
resistance due to the Ohmic losses in electrodes and cable wiring.

1.3.4. Mechanism and kinetics of the hydrogen evolution reaction

In acidic electrolyte HER occurs via proton reduction (eqgn. 8) and in basic electrolyte
hydrogen gas is produced by water reduction (Eqgn. 9).%°

Acidic condition
Cathode: 2H™+ 26 —Hy, Ec=0 V (8)
Anode: 2H,0—02+ 4H "+ 4e™, E=1.23 V
Alkaline condition
Cathode: 2H,0+2e —H2+ 20H", Ec=—0.83 V (9)

Anode: 4OH —02+ 2H,O0+4e ™, E-=—040 V



The hydrogen evolution reaction is thought to involve three possible reaction steps?°:
1) Volmer step (electrochemical hydrogen ion adsorption)
H.0 + e + M = MHags + OH™ (alkaline conditions)

H3O" + e + M = MHoags + H20 (acidic conditions)

2) Heyrovsky step (electrochemical desorption)
MHags + H2O + e < M + OH™ + H> (alkaline conditions)
MHoags + H30" + e~ = M + Hz + H20 (acidic conditions)
3) Tafel step (chemical desorption)
2MHags 5 2M + H2
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Figure 2. Schematic representation of possible reaction steps for HER



Noble metal based catalysts are extensively used to perform HER from water splitting
efficiently. In fact, these catalysts are required to trigger proton reduction with minimal
overpotential.?! Metal-hydride (M-H) bond strength which affects both the adsorption
of reactants and the desorption of products is a critical parameter for an ideal catalyst
used for HER.?? The rate of the reaction is mostly determined by interaction between
the adsorbed hydrogen and metal. This interaction could be estimated by hydrogen
adsorption free energy (AGHags). 2*?* % Trasatti performed an experimental plot in
acidic media for HER, this volcano shape plot (see Figure 3) shows the logarithm of
the exchange current densities (Jo) against the energy of chemisorption of hydrogen on
different metals (Hags— M).? If the metals with large and negative AGHags are used
than strong adsorption of hydrogen onto the metal surface occur, which restricts the
recombination or protonation steps and overall rate is determined by the slow
desorption step (Heyrovski/Tafel). If the metals with negative AGHags are used, weak
adsorption of hydrogen onto the metal surface will occur and the adsorption (\Volmer)
step will be the rds for HER (Figure 4). 2728

Therefore, Volcano plot that shows M—H bond strength is an excellent guide
designing an efficient catalyst for HER. Platinum (Pt) which is at the top of Volcano
plot is found to be the most efficient catalyst for HER because of its neither too strong
nor too weak hydrogen binding energy with near zero AGpags. 2° Platinum group metals
(PGMs, including Pt, Ru, Rh, Ir and Pd) are also the best known HER electrocatalysts
located close to the apex of the volcano plot. The use of platinum, however, raises
issues linked to cost and stability. 3° Recently, non-precious-metal-based catalysts have
been reported, but these are susceptible to acid corrosion and are typically much

inferior to Pt-based catalysts, exhibiting higher overpotentials and lower stability. 3132
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According to the Sabatier’s principle, cost-effective Rh and Ir have a very small AG,

similar to Pt.3® Therefore, the design and synthesis of efficient Rh and Ir based catalysts

for HER have captured increasing attention.3* Although Rh and Ir have limited

resources and high price tags, they show higher catalytic activity than that of non-noble

metal nanocatalysts even at a very low metal concentration. To overcome the problems

caused from high cost and low abundance, nanostructured electrocatalysts with large

surface to volume ratio have been designed.



1.3.5. Mechanism and kinetics of the oxygen evolution reaction

An oxygen evolution reaction (OER) occurs at the anode, and O gas is generated by
the oxidation of water.*® As compared with HER, OER has more sluggish kinetic with
the four-electron transfer. M-OH, M-O, and M-OOH (where M represents the active
sites on the surface) adsorption intermediates occur during the reaction in an alkaline
environment.3 Electrochemical water splitting kinetic is seriously slow down due to

high energy barriers causing from OER with four-electron transfer reactions. 3/

The mechanism of oxygen evolution reaction on anode electrocatalysts in alkaline

medium was proposed by Krasil’shchikov as the following reaction path:

M+OH — M-OH +e” 1)
M-OH + OH — M-O" + H.0 (2)
M-O—> M-O+e (3)
2M-0 — 2M + Oz 4)

Where active site of electrocatalyst was represented as M. 38 3916

Another modified Krasil’shchikov scheme: 4041

M+ OH — M-OH + ¢ (1)
M-OH + OH — M-O" + H20 (2)
M-O + OH — M-0-O-H + ¢ (3)

M-O-O-H + OH " — M+02 + H20 + 2e~ 4)

The bond strength of M-O in the intermediate states, which is similar to the HER

principle determine the catalytic activity of materials for OER.

Matsumoto and Sato*? reviewed various possible oxygen evolution mechanism in acid
and alkaline environments presented by numerous research groups ¢ (Table 1). All
of the mechanisms show M—-OH formation steps in the initial stage by attachment of
OH-" ions at the active site, followed by other intermediate formations in the basic

condition.
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Table 1. The OER mechanism summarized by Matsumoto and Sato. Reproduced

with permission ref 42 Copyright 1986, Elsevier.

Acid environment

Alkaline environment

Electrochemical oxide path*®
M+HO —>MOH+H" +e"
M-OH - MO + H + e~

M-O + M-O — 2M + O2

Electrochemical oxide path*®
M+OH — M-OH + e
M-OH + OH  — M-O + H.O + e~

Oxide path**

M + H20 — M-OH + H* + e~
M-OH + M-OH —- M-O + HLO + M
M-O + M-O — 2M + O2

Oxide path #*

M+OH — M-OH + e

M-OH + M-OH - M-O + H, O+ M
M-O + M-O — 2M + O2

Wade and Hackerman's path*
2M + 2H,0 — M-0 + M-H20 +
2H" + 2e”

M-O + 2M-OH — 2M + M-H20 +
Oz +2e

Yeager's path®6:47

M+OH — M-OH + e

M?-OH — M**1-OH + ¢

2M*1-OH + 20H™ — 2M + 2H,0 + O2

Bockris path*

M+ OH™ — M-OH + ¢

M-OH + OH™ —» M—H;0, + e~
M-H;0, + OH™ — M-OOH™ + H.0
M-H20, + M-OOH™ — H,0 + OH™ +
02

11




OER process takes place in multistep reactions with single-electron transfer at each
step. Obviously, the accumulation of energy needed at each step to overcome high
kinetic energy barriers leads to slow kinetics resulting in a large overpotential.*® That
is why, developing an efficient, long-lived, and cost-effective electrocatalyst to
decrease the overpotential and increase the rate of OER is still a challenging issue.
Many oxide type electrocatalysts based on noble metals and earth-abundant metals
were reported to catalyze the OER.%® The OER activities of these metal oxides are
related to the electronic structure and the types of metal-oxygen bonds.>* RuO and
IrO> are well-known efficient noble metals containing benchmark electrocatalysts for
OER in an acidic medium. °2 On the other hand, in an alkaline environment, highly
abundant and inexpensive non-noble metal oxides 5> especially nickel (Ni) * and
cobalt (Co) based materials are widely used to increase the slow kinetic of OER due
to their high stability to corrosion®®, variable oxidation state such as Co** and Co**
(form only during the reaction)®” ° and controllable morphology with various
synthetic methods.%*®° However, low conductivity and the low number of active sites
limit the OER performance of earth-abundant metal oxides.®* To overcome this
problem electrocatalysts impregnated on conductive support materials were
synthesized by this way number of electrochemically active surface areas also increase

with decreasing the particle size.

1.4. Catalyst

1.4.1. Brief definition of catalyst

Catalysts increase the reaction rate by offering energetically more preferable
alternative pathways. (Figure 5) The catalyzed reaction has lower activation energy
than uncatalyzed reaction which increase the rate of reaction significantly. In catalyzed
reaction, the effective molecular collisions that have lower energies can pass over the
new activation energy barrier so reaction rate can be improved. Although the rate of
reaction increases, the equilibrium constant of the reaction does not affected because
rate of forward and reverse reactions increase the same extent which means that the
catalyst has an effect on the kinetics of the reaction, but it has no effect on

thermodynamics. ©2
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Figure 5. Representative energy diagram for the uncatalyzed and catalyzed OER
reaction. Reproduced from Ref. 62 with permission from the Royal Society of
Chemistry.

1.4.2. Sabatier’s catalyst law

Sabatier’s catalyst law has been fully validated by modern molecular understandings
of the action of a catalyst and could be summarized as an ideal catalyst have to bind
to the reactant at an intermediate strength, neither too strong nor too weak. % Reactants
form intermediate complexes with the surface of the catalyst in a catalytic reaction. If
these complexes are too unstable then reactants will not be activated, so surface
reactant intermediate complexes will not be formed. If they are too stable they will not
decompose and product formation cannot be achieved. In a catalytic reaction, firstly,
molecules adsorb onto the catalyst surface and form intermediate reaction complexes
to rearrange and recombine. Later, desorption of the product molecules from catalyst
surface occurs and final product could be achieved. Figure 6 shows that the rate is
maximum at optimum adsorption strength. To the right of the Sabatier optimum, the
rate has a negative order in reactant concentration, and to the left it has a positive order.

Sabatier
optimum

Rate

limited by limited by
desorption activation
of product of reactant

Strong Bond Strength Weak

Figure 6. Volcano plot that illustrate the Sabatier principle. Reprinted from ref 28,
Copyright (2015), with permission from Elsevier.
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1.4.3. Classification of catalysts

Catalystis can be classified into three main groups;

1. Homogeneous catalyst ( Organometallic complexes)
2. Heterogeneous catalyst (Supported metals, bulk metals, transition metal
nanoparticles or nanocluster)

3. Biocatalysts (Enzymes)

Homogeneous catalysts occupy the same phase as the reaction mixture, while
heterogeneous catalysts are not in the same phase as the reactants.®* In homogeneous
catalysis, primary benefit is that all of the active sites of catalysts are available and due
to the high homogeneity of catalyst and reactants, high interaction occur between them
which results in high reactivity and selectivity under mild condition. However,
homogeneous catalysts show poor stability and product separation is difficult from the
reaction medium.®® In heterogeneous catalysis, reaction occurs at the interface between
the surface of the catalyst and the reaction mixture. Reactants are temporarily adsorbed
on the catalyst’s surface and due to the weakness of the transient bond linkage the
desired product desorbed after the reaction.®® With the ease of separation and recovery
of the catalyst, heterogeneous catalysts play an important role in industrial
processes.®” %8 In biocatalysis, enzymes (natural proteins) or nucleic acids are used to

catalyze the chemical reactions outside the living cells.

1.4.4. Transition metal nanoparticles ( TMNPSs) in catalysis

Solid materials in the size interval of 1-100 nm are defined as nanoparticles. TMNPs
for catalysis have gain great attention due to their advantageous characteristics
compared to their larger counterparts. It is known that intrinsic properties of materials
and properties of nanoparticles remarkably change with particle size. TMNPs with
smaller particle size have larger surface area per unit mass than their bulk counterparts
and which provides a large number of active sites. More active sites promote faster
reactions and increase product yield. The magnetic properties, and electrochemical
behaviours (dependent of Fermi level on the nanoparticle diameter) are also dependent
the size of TMNPs.%°

14



The increase in the number of metal atoms in nanoparticles increases the number of
bonding and antibonding electronic levels, thus decreasing the energy band gap
between electronic levels.”® The band gap affects the (i) charge separation, (ii) charge
migration, (iii) charge recombination and (iv) surface redox reactions and determines
the electrochemical and magnetic properties of a catalyst.”* Moreover that, the
catalytic activity and selectivity of MNPs are dependent on the atomic arrangement of
the surface, which can arrange adsorption energies and the geometries of substrate

molecules and intermediates during a molecular transformation. "2

1.4.5. Preparation and stabilization of TMNP catalysts

There are two approach for the preparation of TMNPs; “top-down’ and “bottom-up”.
Top- down approach is a physical method in which bulk material is exposed to an
external force and cut into nanoscale pieces. Electron beam lithography and ball
milling techniques are used to break up large particles.”® With this approach, it is
difficult to synthesize monodisperse TMNPs and broad particle size distribution is
obtained. On the other hand, monodispersed TMNPs with the controllable particle size
could be achieved by bottom-up methods. The bottom-up approach is a chemical
method in which monodispersed nanoparticles are obtained based on the reduction of
metal ions in the solution to atoms by using the appropriate reducing agent.” In the
chemical synthesis, metal salt, reducing agent, solvent, stabilizing agent and
temperature are some important factors that determine the particle size and
dispersion.”™ For the colloidal TMNPs impregnation method is mostly used. In the
impregnation method, required metal and supporting material are dissolved in the
solvent and a thick paste like substance is obtained. After the reduction, solvent is
removed and TMNPs could be achieved. The particle size of the obtained TMNPs
depends on mostly the metal loading, surface area of support, and post treatment
conditions (such as annealing). A support which has a high surface area combined with
a low metal loading promotes the greater dispersion with generation of smaller size of
TMNPs. Different from the impregnation method, chemical reduction of transition
metal complexes, sol-gel technique, thermal or photochemical decomposition, are

some different chemical approaches for the preparation of TMNPs (Figure 7). "
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Figure 7. Method of nanoparticle synthesis; (A) top-down approach and (B) bottom-
up approach of nanoparticle synthesis with examples. Reproduced from Ref. 76 with
permission from the Royal Society of Chemistry.

It is well known that catalytic activity of metal nanoparticles (NPs) is highly dependent
on their dispersion and the particle size. TMNPs have high surface energy because of
their high surface area to mass ratio which tends to aggragation into large particle.
Agglomeration decreases not only their active surface area but also their activities and
cause the instability and short life time.”” This problem can be avoided by using
suitable supporting material such as capping agents including, metal oxides’®, carbon

black and metal-organic frameworks (MOFs). "
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1.4.6. Significance, characteristics and types of the supporting materials in
heterogeneous catalysis

Metal NPs play an important role in heterogeneous catalysis due to the unique
characteristics arise from their shape, size and composition. Many strategies have been
developed to control these properties. To decrease metal amount, increase the active
surface area, increase the stability and control the distribution of metal, supporting
materials have been widely used. The performance of the TMNPs catalysts can be

improved by preventing agglomeration using suitable supporting material.

The selection of the appropriate support material is an important criterion when
preparing the catalyst for the desired reaction. There are some necessities for an ideal
support which are high purity, well defined chemical composition, surface chemistry,
porosity and pore size distribution, high temperature and corrosion resistance, and
facile separation from the reaction mixture. The required chemical properties of the

ideal supporting material are summarized as follows®:

e High stability under reaction conditions

e High specific activity/selectivity

e Being non-reactive to undesirable reactions
e Protection of the catalyst against sintering

e Minimizing catalytic poisoning

Some physical properties of the material to be a good supporting material are also

given below?:

e It has a high active surface area.
e It has high mechanical strength.
e Optimizes bulk density

e Optimizes catalyst porosity

e Optimizes metal crystal and particle size

17



As shown in Figure 8, supporting materials can be classified in three main catagories;
Oxide supports, highly ordered porous supports and carbonacous materials.

—  TiO, u MOF — Carbon black ’
| CeO, | coF \
—{ 710, { Zeolite

1 A1203

Carbon nanotube ’

Graphene oxide ’

L1 sio,

Figure 8. Types of supporting materials which used to prevent agglomeration of
MNPs

1.4.6.1. Metal oxides as supporting materials

Oxides can be divided into two main classes, depending on their chemical behavior:
nonreducible and reducible oxides. Nonreducible oxides consist of materials that do
not easily lose oxygen due to the intrinsic resistance of the corresponding metal cations
to change oxidation state. Since oxygen is formally in a ‘=2’ oxidation state, the excess
electrons that are left on the material by the removal of a neutral O atom cannot be
accommodated in the cation empty states which lie too high in energy, contributing to
the formation of the conduction band of the material. 8! Oxides such as SiO2, MgO,
Al>O3, and many other main-group oxides belong to this class. Usually these materials
are characterized by a very large band gap (typically >3 eV) separating the valence
band (VB) from the conduction band (CB). The excess electrons left on the material
when oxygen is removed in the form of Oz or H2O are trapped in specific sites (e.g.,
an oxygen vacancy) and give rise to new defect states in the band gap.®? This process
is energetically very costly, and these as-prepared materials are highly stoichiometric,
stable, and chemically inert.23 The group of reducible oxides, in contrast, is
characterized by the capability to exchange oxygen in a relatively easy way. This is
because the lowest empty states available on the material (CB) consist of cation d
orbitals which lie at not overly high energy with respect to the VB. These oxides

usually have semiconductor character, with band gaps lower than 3 eV. The removal
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of oxygen results in excess electrons that are redistributed on the cation empty levels,
thus changing their oxidation state from M™ to M®D*, Transition-metal oxides such

as TiO2, WOs, NiO, Fe,03, CeO,, etc., just to mention a few, belong to this category.®

In this thesis, two strategies were adopted to increase the performance of the metals
for water splitting. The first one is to improve the charge transfer using conductive
support materials (charge transfer from support to metal). The second one is to increase
the number of electrochemically active surface areas by decreasing the particle size.
Metal oxides such as Ti02,24%, Zr0,8 and Ce0,®” with the corrosion-resistance,
chemical inertness, and homogeneous dispersion properties, are widely used as
supporting materials to increase charge transfer, the surface to volume ratio, and the
electrochemically active sites.®® These metal oxides have been widely used in many
electrochemical reactions such as HER 88%° OER,% formic acid oxidation®!,and
hydrogen generation from ammonia borane,®? which encourages to use TiO2, ZrO,

and CeO as supporting materials in this thesis.

> Titania : Among the various metal oxides, Titanium dioxide (TiO>) is a widely
used supporting material in the catalyst field because of its high availability, low cost,
high chemical and thermal stability, nontoxic and noncorrosive properties and robust
interaction with metal nanoparticles %%, TiO, with a large surface area ranging from 10
to 300 m? g can be used as a support to prevent the aggregation of metal nanoparticles.
There are two most widely used types of TiO2 which are anatase and rutile. The anatase-
TiO2 powder is well known and frequently utilized commercial material as a catalyst
support for metal heterogeneous catalyst due to its high specific surface area and strong
interaction with metal nanoparticles.®® According to the literature, anatase-TiO; is
widely used in many applications such as solar energy storage, water splitting,
hydrogen generation reaction from ammonia borane and as a catalyst in the synthesis
of organic compounds.® There are only a few studies reporting a rutile catalyst support
which resulted in higher catalytic activity compared to anatase, such as the oxidation
of toluene, xylene, and benzene over rutile supported Cu catalyst. It is reported that
rutile and anatase vary substantially in their capability to attach metal particles onto
their respective surfaces; although anatase often exhibits a strong metal support

interaction, rutile does not.*®
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> Zirconia: Because of its weak acid and basic sites and durability in both
oxidizing and reducing environments, zirconium oxide (ZrOz) has received interest as
a catalyst support.®® Moreover that, ZrO, has high thermal stability and corrosion
resistance, even in harsh reaction conditions. Zirconia is a polymorphic material and
can be found in three forms: cubic, monoclinic, and tetragonal. The monoclinic phase
is stable at room temperatures up to 1170°C. ¥ The structure of monoclinic zirconia
provides a more versatile surface than that of other polymorphs (cubic, tetragonal) due
to a less symmetrical lattice.

> Ceria: Cerium usually has two types of oxides named as cerium dioxide
(CeOo/Ceria) and cerium sesquioxide (Ce203), but CeO- is more frequently used due
to higher stability over Ce203.%8 Cerium(IV) oxide is typically crystallised in the most
stable form of fluorite structure with a face centred cubic lattice (fcc).® Cerium, which
is electropositive in nature, exists in dual oxidation modes, Ce** and Ce**.2% The Ce**
oxidation state is usually considered more stable than 3* due to Ce** electronic
structure [Xe]4f° being more stable state than [Xe]4f' for Ce**. The relative ease of
switching between these two states is the essential factor for its catalytic activity.%
The rapid change of oxidation state is related to its ability to store and release oxygen,
a property measured by the oxygen storage capacity (OSC).1°! The process of oxygen
storage and transport in ceria can be described by the defect mechanism, and there are
two types of defects involved in this process. One is the intrinsic defects and the other
is the extrinsic defects. The intrinsic defects are due to the oxygen anion vacancies
created upon the reduction of ceria. The extrinsic defects are due to the oxygen anion
vacancies created by the charge compensation effect of foreign cations which have a
valence lower than that of the host cerium ions they substitute.%?

CeO2 possesses reversible surface oxygen ion exchange, good electronic/ionic
conductivity, and high oxygen storage capacity because of the flexible transition
between the Ce®" and Ce* oxidation states as a result of variations in oxygen
concentration.'®® In addition, the multivalence of CeO; can generate strong metal-ceria
electron interactions, and accordingly can enhance catalytic performances. CeO: is
widely used supporting metal oxide because it affects the catalyst performance in many
applications such as solid oxide fuel cells,’** carbon monoxide (CO) oxidation®®,

degradation of toxic pollutant'% hydrolysis of ammonia borane'®’, etc.
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Some of the advantages of CeO: are given below:

o affect the dispersion of supported metals;
e increase the thermal stability of the support;
e promote noble metal reduction and oxidation;

e form surface and bulk vacancies;
108

form intermetallic M-Ce compounds.

1.4.7. Significance of Pt group metals in heterogeneous catalysis

The platinum group metals (PGMs) are widely used as catalysts in the automobile
sector, industrial chemical production (e.g., fine chemicals, ammonia synthesis),
environmental (gas remediation), electronics (hard disk manufacture, multilayer
capacitor devices) petroleum refining, and medicine (pacemakers (Pt-1r)), implantable
defibrillators (Pt-Ir), catheters, treatment of Parkinson’s disease (Brain
pacemaker))!®® . PGMs contains six d-block metals which are ruthenium (Ru),
osmium (Os), rhodium (Rh), iridium (Ir), palladium (Pd), and platinum (Pt) from
periods 5 and 6 of groups 8, 9 and 10. The chemical similarity of these elements is
based on the 4d electron shells of the metals Ru, Rh and Pd or the 5d shells of the

metals Os, Ir and Pt.

Electronic configuration of Pt group metals;

Light PGM Heavy PGM
Ru: [Kr] 4d” 5st Os: [Xe] 44 5d° 6s?
Rh: [Kr] 4d® 5s! Ir: [Xe] 44 5d’ 652
Pd: [Kr] 4d*° Pt: [Xe] 44 5d° 65!

Pt-group metals are widely used industrially as heterogeneous catalysts for
hydrogenation reactions''®, CO oxidation'!!, selective catalytic reduction of NO by
hydrocarbons,'*2 hydrogen and oxygen generation reaction and also used as industrial
three-way catalysts as main active components. Because the metal components mainly
exist as nanoparticles, developing new catalysts with smaller metal crystalline size and
higher activity as well as the introduction of non-noble metals to save the use of noble

metals is an active research field.”®
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1.4.8. Metal support interaction in the heterogeneous catalyst

Electronic, structural or/and chemical interactions are the possible interactions
between a PGMs and supporting metal oxides.**® Charge transfer between metal and
metal oxide can result in electronic interactions. On the other hand, chemical
interactions occur as a result of a chemical reaction such as a redox reaction between
metal and supporting metal oxide. Structural interaction can also arise and assume
predominant interaction if either the supporting metal oxide structure or the structure
of metal is altered in some way.8! 192114 The reducibility of the support and the
catalytic performance (activity and selectivity) of precious metal are usually affected
by the interaction between a metal and supporting metal oxide. 1*>116

Tauster used the term "strong metal-support interaction” (SMSI) to characterize the
significant changes in the chemisorption characteristics of group 8 metals supported
by reducible metal oxides before and after a high-temperature reductive treatment in
hydrogen in 1978.11” SMSI was further broadened to encompass interactions between
an active metallic component and any support materials that display similar
phenomena to Tauster's observations. SMSI reduces the high surface energy of metal
nanoparticles by encapsulating them in support suboxide particles under reducing
environment.*'® Three specific characteristics must be fulfilled for a metal-support
interaction to be classified as "strong": 1) At low reduction temperatures, the catalyst
exhibits conventional chemical behavior; 2) as the reduction temperature rises, the
chemisorption capability of the dispersed metal phase towards “classic" probe
molecules such as hydrogen or carbon monoxide is disrupted, along with significant
changes in its catalytic behavior; and, most importantly, 3) the phenomenon has to be
completely reversible, that is, reoxidation at a proper temperature followed by mild
rereduction re-establishes the catalytic behavior before entering the SMSI state.
Although the term "strong metal-support interaction™ is very misleading and should be
avoided, its structural and electrical effects provide a convenient way to discuss the
intrinsic complexity of oxide-supported intermetallic complexes.!*® Metal-support
interaction (MSI) can broadly be defined as any influence on the performance of a
supported metal catalyst caused by a support material during the synthesis process or
during a catalytic reaction.*?® Because of its enormous influence on the geometric
structures and electric characteristics of metal catalysts, the discovery of MSI has

prompted highly important research topics in the catalysis field. 7* 121- 123
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Itis just as vital to design the support structure as it is to design the active components.
Surfaces and interfaces are at the heart of nanoarchitectured catalyst fabrication; their
characteristics affect the size, shape, and spatial distribution of particles, and charge

transfer processes between support materials and metal nanoparticles.

1.4.9. Characterization of transition metal nanoparticles in the catalyst

1.4.9.1. Physical characterization

It is necessary to analyze the composition, structure, size and morphology of TMNPs
to obtain valuable information about their behavior in specific applications. Various

analytical techniques can be utilized for the characterization purposes.

To get information about distribution, size, and the shape of nanoparticles,
transmission emission microscopy (TEM) is most commonly used technique. TEM
gives chemical information from solid materials over a wide range of magnification,
to a level of spatial resolution that is unapproachable by most other techniques.
Scanning electron microscopy (SEM) could also be utilized to obtain information
about morphology, topography of surface and composition based on backscattered
electron. For the elemental composition of TMNPs transmission emission microscopy
energy dispersive X-Ray analysis (TEM-EDX) or scanning electron microscopy
energy dispersive X-Ray analysis (SEM- EDX) can be used. However, EDX gives
semi quantitative analysis and can only provide which elements rich in particles. For
quantitative elemental composition analysis, it is better to use inductively couple
plasma optical emission spectroscopy (ICP-OES) which gives precise and accurate
results to obtain mass percentage of metals in nanocatalysts. ICP-OES is based on
exciting the metal atoms of the nanocatalysts using a plasma and analyzing the
emission wavelength of the electromagnetic radiation, which is typical of that

particular metal.
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Another important characterization technique is X-Ray diffraction (XRD) which
provides information regarding the crystalline structure, lattice parameters, nature of
the phase and crystalline grain size. The standard database (JCPDS database) for XRD
pattern is used for phase identification for a large variety of crystalline phases in the
nanomaterials. XRD were used in this thesis to check whether the crystallinity of
supporting material used in the nanocatalysts are preserved or not after the

impregnation of metal nanoparticles.

To gain information about electronic structure, elemental composition, and oxidation
states of nanoscale materials X-ray photoelectron spectroscopy (XPS) is the most
widely used analytical technique. Its basic physical principle is the photoelectric effect.
The existence of metal nanoparticles on the surface of metal oxides could be proven

by the XPS spectra of full scanning survey.

1.4.9.2 Electrochemical characterization

Electrochemistry is an important tool to understand reactions involving the transfer of
electron. Two electrode or three electrode systems can be used for electrochemical
studies. Electrochemical cells which have three electrodes are frequently used and
counter, reference and working electrodes are immersed in an electrolyte solution and
connected to a potentiostat for electrochemical measurements. There are many
electrochemical techniques which are used to evaluate the performance of catalysts
some of them are linear sweep voltammetry, chronopotentiometry,
chronoamperometry, bulk electrolysis, electrochemical impedance spectroscopy, and

under potential deposition.

1.4.9.2.1. Linear Sweep Voltammetry (LSV)

LSV is commonly used potentiodynamic electrochemical technique. In LSV fixed
potential range is applied. The characteristics of the LSV depend on the rate of the
electron transfer reactions, the chemical reactivity of the electroactive species and the
voltage scan rate. In LSV measurements the current response is plotted as a function

of potential rather than time. (Figure 9)
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Although CV and LSV are quite similar, CV does not end with a single sweep over a
certain potential range. For example, if the potential range is E; to E>, when E; to E»

is reached, it will switch back to E1.

potential current

A a) A . bl
E:f===-————- v
Shope= s :
Scon rale
n &:/ . =

. ol Ed
tima E: E; Ex potential

Figure 9. a) Potential vs. time and b) current vs. potential graphs for linear sweep
voltammetry.

1.4.9.2.2. Chronopotentiometry and chronoamperometry

Chronoamperometry is a time-dependent technique where a square-wave potential is
applied to the working electrode and which is used to study the kinetics of chemical
reactions, adsorption and diffusion processes. Generally the working electrode is held
at a potential at which there is no electrode reaction to one corresponding to the mass-
transport-limited current, and the resulting current-time transient is recorded as a
function of time. The chronoamperometry is mostly used for the deposition of metals,

electrolysis, and the study of the stability over time of electrochemical systems.'

In chronopotentiometry, a constant current is applied to the working electrode and the
potential changes to a value at which the flux of the electroactive species is sufficient
to supply the applied current. After a certain time, the flux of redox species to the
surface cannot sustain this current and the potential changes rapidly to a new value at
which another species (often solvent or electrolyte) is reduced (or oxidized).*?*
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1.4.9.2.3. Bulk Electrolysis

Bulk electrolysis is also known as potentiostatic coulometry or controlled potential
coulometry. In the bulk electrolysis, constant potential is applied to working electrode
for a long time (minutes to hours) and resulting current monitored over time. Even
though the experiment measures electric current (amps) over time, the results of a bulk
electrolysis are displayed as the total coulombs (total electric charge) passed plotted
against time in seconds. Current efficiency or faradaic efficiency of a given process

determined by a bulk electrolysis experiment.'?°

1.4.9.2.4. Electrochemical Impedance Spectroscopy (EIS)

Impedance (Z) can simply be defined as the measure of the opposition to alternating
current of a circuit or a part of electrical circuit. All circuits and their components have
impedance and the impedance works according to Ohm’s Law (V= I*R) in ideal cases.
However, deviation from Ohms Law can be observed due to the components of
impedance which is composed of a resistance (real part) and a reactance (imaginary
part-capacitive and inductive part). Electrochemical impedance spectroscopy (EIS) is
an important electrochemical technique based on the interfacial reaction at the
electrode surface.'?® There are three fundamental sources of voltage loss in an
electrochemical reaction: kinetic losses (charge-transfer activation), ohmic losses (ion
and electron transport), and mass transfer losses (concentration).*?” EIS can be used
to distinguish and quantify these losses. When AC voltage is applied to an
electrochemical cell, the current response is monitored by EIS and resistance,
capacitance and inductance could be measured by this technique.?® The results of the
EIS can be represented by Nyquist or Bode plot as shown in Figure 10. Nyquist plot
shows the imaginary and real parts of impedance using Cartesian coordinates and Bode
plot represents the magnitude changes and phase shift in the applied frequency
range.'?® The Nyquist plot provides insight into the possible mechanism in an
equivalent circuit model system. Hu and his coworkers propose the idea that
mechanism of the water splitting could be acquired by using EIS measurement
(Nyquist plot) and the results can purely reflect the charge transfer kinetic of the

electrode reaction excluding the contribution from catalyst resistance.!%
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Figure 10. Nyquist and Bode plots for representation of electrochemical impedance
spectroscopy. Reprinted from ref 131, Copyright (2020), with permission from
Journal of Electrochemical Science and Technology.

To examine the EIS data correctly, using an appropriate model is important. The
models consist of simple electrical circuit elements including resistors (R), capacitors
(C) and inductor (L). Appropriate electrical components that represent the entire
system should be used to create an accurate circuit model that is physically meaningful
and minimizes the number of variables. In this thesis, the equivalence circuit model
shown in Figure 11 was used to represent the EIS data. Constant phase elements (CPE)
were used to fit the experimental data instead of capacitors (C) due to overcome the
different degrees of surface roughness and a nonuniform distribution of surface
reaction sites of solid electrodes.®®? Nyquist plots given in this thesis consist of two
semicircles at low and high frequency regions. This model implies that the semicircles
at high frequency region is potential independent (CPE2 and R2) and most probably
arise from the contact between the GCE and the catalyst surface (porosity or adsorbed
species on GCEs).*® On the other hand, the semicircles at low frequency region are
potential dependent and could be attributed to charge transfer process.**! While CPE;
represents the interfacial capacitance between oxide and electrolyte (the double layer
capacitance, (CpL)), R1 represents the charge transfer resistance (Rct) and Rs refers to

the uncompensated solution resistance.
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Figure 11. Equivalent circuit for EIS measurements

Double-layer capacitance is the important characteristic of the electrical double
layer which appears, for example, at the interface between a conductive electrode and
an adjacent liquid electrolyte. At this boundary two layers of charge with opposing
polarity form, one at the surface of the electrode, and one in the electrolyte.*®® These
two layers, electrons on the electrode and ions in the electrolyte, are typically separated
by a single layer of solvent molecules that adhere to the surface of the electrode and
act like a dielectric in a conventional capacitor.!3*'® The amount of electric
charge stored in double-layer capacitor depends on the applied voltage. The double
layer capacitance (Cpv) affect the activity can be calculated both from the EIS and CV
measurements. Cp. was utilized to find electrochemically surface area (ECSA). The
electrode with high ECSA shows a high electrocatalytic activity. ECSA could be
calculated by dividing CpL to the specific capacitance of flat electrode (Cs=40

WFem 2).136

C
ECSA= == (egn. 1)

where the CpL is in mF. The ic represents the charging current (mA), v is the scan rate

(V s) and Cs is the specific capacitance of the catalyst (mF.cm).
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1.4.9.2.5.Under potential deposition

Electrodeposition of a metal adsorbate on a conductive solid surface is an important
electrochemical method for purposes such as electroplating and inhibition of
corrosion.® In some cases, metal overlayers could be electro-deposited onto a
different metal substrate at a less negative potential than the Nernst potential
(necessary for bulk deposition). Underpotential deposition (UPD) is important tool to
reproducibly and quantitatively control the coverage of metal in the sub-monolayer to
monolayer or multilayer regime.*3 In this thesis, UPD of copper on metal surface was
applied for qualifying the active sites. In this approach, the number of active sites (n)
were calculated based on the UPD copper stripping charge (Qcu, CUypd — Cu?* + 2¢)
with the following equation. The area under the oxidative wave, or Cu-UPD stripping
charge (Qcu, Cuuprp), was determined and used for the calculation of the number of

active sites:

1.4.10. Key parameters used to evaluate the catalytic activity

In electrochemical water splitting, many activity evaluation parameters are used such
as overpotential at 10 mA cm2, Tafel slope, exchange current density, turnover

frequency (TOF), stability, and Faradaic efficiency.

1.4.10.1. Some electrochemical terms about the electrocatalytic activity

i) Faradaic Process: In an electrochemical reaction, Faradaic and non-Faradaic
processes occur at the surface of electrode. In the Faradaic process, charges or
electrons (responsible for oxidation reduction) are transferred at the electrode
electrolyte interface. The process is defined as Faradaic process because such reactions
are ruled by Faradays law. According to the Faraday’s law the amount of chemical
reaction caused by the flow of current is proportional to the amount of electricity
passed.!3® As can be understood from Figure 12 in a faradaic process, a species need
to be transported through diffusion, migration or convection for any reaction at an

electrode interface.
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Figure 12. Pathway of a Faradic process. Reproduced with permission from ref. [140,
141]. Copyright © 2016, IOP Publishing Ltd.

i) Equilibrium Potential: When a metal electrode immersed in a liquid
electrolyte, metal ions will cross the electrode/electrolyte interface. The direction of
the ions will be from the phase where electrochemical potential of ions is large to phase
with smaller electrochemical potential.1*2 The condition in which the chemical driving
force equal to opposing electrical force is called equilibrium condition and equilibrium
potential difference at this condition occur because of the potential difference of metal
and solution phases.'*® Instead of the measuring this potential directly, electrode
potentials are measured against a reference electrode because there is no way to make
an electrical connection to the solution phase without setting up another electrode
potential.**3 The equilibrium potential can be calculated by using Nernst equation. The
Nernst equation relates potential to the concentration of electroactive species. For
example, the free energy of the reduction of oxidized species, O, with n electrons

(gives a reduced species,R, (Eqgn. 3)) can be written as in Eqn 4.
O+ne =R (Eqn. 3)

AG = AG° +RT |nZ—R or -AG=-AG°+RT |n‘;—0 (Eqn. 4)
R

(0]

where —AG is the free energy change indicating the tendency for the reaction to go to
the right; R is the gas constant (8.317 J mol™t K™Y), T is the temperature (K), and the
quantity AGP is the free energy change of the half reaction when the activities of the
reactant and product have values of unity and is directly proportional to the standard

half-cell potential for the reaction.
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The free energy of this half reaction is related to the electrode potential, moreover it is
a measure of the equilibirium constant for the half reaction. E° values are valid only
under equilibrium conditions and for ao=ar=1. In practice, this condition is not

fulfilled. The free energy can be expressed as follows:

-AG =nFE° (Egn. 5)
-AG=RTInK (Eqn. 6)

When these two reactions are combined, Nernst equation can be obtained (Egn. 7)
—go+ Rl n &
E=E°+ — In ” (Egn. 7)

At standard pressure (1 bar) and 298 K, the thermodynamic equilibrium potential for
hydrogen evolution reaction reference to reversible hydrogen electrode (RHE) can be
calculated by using following equations:

Erer = E%an’ - = In At =-0.059x(pH) V vs. NHE  (Eqn. 8)

H2

E% 2" =0V vs. RHE (Eqn. 9)

The potential is pH-dependent and shifts linearly by -59 mV for each pH unit increase
and this dependance can be canceled by reference to RHE. The thermodynamic
equilibrium potential for HER is straightforward and equals zero on the RHE scale,
regardless of electrolytes used.®?

1.4.10.2. Overpotential (1)

The overpotential (1) at a certain current density is one of the most important indicators
when evaluating the performance of electrocatalysts. The overpotential is defined as
the difference between the equilibrium potential (also called the thermodynamic
potential) for a given reaction and the potential at which the catalyst operates at a given
current under certain conditions.}** (Eqn. 10) Overpotential is needed because of the

reaction energy barriers.

T]:E—Eeq (Eqn 10)
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The measured overpotential mainly consists of three parts: i) activation overpotential
depending on the intrinsic property of catalyst, ii) concentration overpotential caused
from sudden concentration drop near the interface and iii) system overpotential due to
uncompensated resistance.'* Using electrolyte with a high concentration or stirring
during the reaction can minimize concentration overpotential. On the other hand,
system overpotential could be eliminated by iR-compensation (Ohmic drop). iR-
compensation can be done by system setting of potentiostat or manually. The
overpotential at 10 mAcm (geometrical surface area) is considered a standard value
for assessing the stated catalytic efficiency since the current density of 10 mA cm=2 is
roughly in the range of most PV systems that provide enough voltage to separate water,
and corresponds to 12.3% of solar to hydrogen efficiency under one sun
illumination'®47 A catalyst which has solar-to-hydrogen energy conversion
efficiency of less than 10%, require improvements for real-world applications. The
overpotentials at higher current densities such as 50 and 100 mA/cm? are also used as
alternate activity parameters. A lower n of an electrocatalyst in the system indicates

its superior electrocatalytic ability for the target reaction.

1.4.10.3. Exchange current density (Jo) and Tafel slope (n)

Exchange current density (jo) is an important parameter in electrochemistry and used
in the electrochemical kinetic expressions such as Butler VVolmer equation and Tafel
equation. The current which is created in the absence of net electrolysis at zero
overpotential is called the exchange current and can be considered as a background
current to normalize the net current observed at non zero overpotential. For a redox
reaction written as a reduction at the equilibrium potential, the charges (electrons)
cross the electrode-electrolyte interface in both directions, and the current density is
only created by the flow of these electrons. A balance is established between the
cathodic current and the anodic current. The current, continuing in both directions, is
defined as the exchange current density and under equilibrium conditions which
represent the catalyst’s intrinsic activity.'*® Nature of the electrode such as roughness
of surface, adsorbed species and passivating oxide on the surface, solvent and

temperature can significantly affect the exchange current density.'4°
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Butler-Volmer equation (Eqgn. 11) can be used to approximetly describe the the kinetic
of electrochemical reaction.

agnFng ocnFne

j=jole Rt -e rT ] (Egn.11)

Where j: electrode current density, jo: exchange current density, a:charge transfer
coefficient at anode or cathode (sum of them is equal 1 and usually a== ac=0.5), n:
transferred electron number ( for the OER n=4 and for HER n=2), F: Faraday constant

(96485 C/mole), n : overpotential, R: universal gas constant, and T: temperature (K).
At the large overpotential region (e.g., n > 15 mV) Butler-VVolmer equation can be
simplified to Tafel equation (Eqn. 12):

2.303RT 2.303RT

n=-C22 ) 10g joe+(2Zlog j - (Egn. 12)

n = a + blog(j) (Eqgn. 13)

The eqgn 13 is called Tafel equation and which shows a linear relationship between
overpotential and log j. In the equation a is constant and b is the Tafel slope with the

formula:

b= 2.303RT
B aF

The Tafel equation is a convenient way to reveal the mechanism of the reaction and
the rate-determining step (rds) at the liquid-solid interface.®® Moreover that,
comparison of the activities of different electrode and electrocatalyst is possible with
Tafel analysis. Tafel slope (b) changes with increasing potential, which can be
attributed to a change in the rds or potential variation on the adsorption of reaction
intermediates.>® For HER there are three possible rate determination step in acidic

media, VVolmer step, Heyrovski step and Tafel step.
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1- Volmer (electrochemical hydrogen ion adsorption) reaction;
H30+ + e~ SHags + H2O

2.303RT
b= ————

~ -1
F 120 mV.dec™ (Egn. 13)

2- Heyrovsky (electrochemical desorption) reaction;

Hags + H30" + e " s H, + H0
2.303RT
b= —————

~ -1
F 40 mV.dec™ (Eqgn. 14)

3- Tafel (chemical desorption) reaction;

Hads + Hags= H2

2.303RT
b= ———

~30 mV.dec? (Eqn. 15)
oF

When the VVolmer reaction is the rate-determining step (rds) then Tafel slope is 120
mV/dec. For the Volmer-Tafel mechanism or VVolmer-Heyrovsky mechanism Tafel

slope is 30mV/dec and 40 mV/dec, respectively. 1

The electrochemical OER mechanism is more complex and consists of many
consecutive reactions steps both chemical steps such as association or dissociation
reaction and electron transfer steps. Transfer coefficient value is important indicator
for the determination of rate determining step (RDS) of the OER mechanism. The
transfer coefficients (o) could be calculated for different temperatures by using the
formula: b= 2.303RT/aF where; b is the Tafel slope (mV.dec™), R is the universal gas
constant constant (J.K™* mol™?), T is the temperature (K), F is the Faraday constant
(96485 C).*®

Bockris and Reddy®®? derive also the transfer coefficient as ola = (Nu/v)+(N:P) for a
multiple electron reaction where Ny represents the number of electrons transferred back
to the electrode before the RDS, v is the number of RDSs taken place in the overall
reaction, Ny is the number of transferred electrons in each occurance of the RDS and f
is symmetry factor (B is generally assumed 0.5). If the rate-determining step is the first
electron transfer reaction, the values of both v and ny are equal to 0 while  and n; are

0.5 and 1, respectively. The transfer coefficient is calculated to be 0.5 and the

corresponding Tafel slope is 120 mV dec™.
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If the chemical reaction after a one electron transfer reaction is RDS, the value of N, is

equal to 0 and the values of Ny and v are 1. Hence, transfer coefficient become unity
and Tafel slope is 60 mV.dec™.8 If the rate-determining step is the 3" electron transfer
step in some systems such as OER (a four-electron transfer system), v and ny are equal
to 1 and 2 (nr and B are 0), respectively. This yields a transfer coefficient of 2 and a
Tafel slope of 30 mV dec™.

If the remaining other parameters are constants, the Tafel slope is inversely
proportional to the charge transfer coefficient (o). This indicates that a catalyst with a
high charge transfer ability should possess a small Tafel slope. **° This is the reason
why the Tafel slope is often used as a primary activity parameter in determining the
catalytic activity. The Tafel plot of an electrocatalytic process is generally obtained by
replotting the polarization curve (e.g., LSV as a plot of log(j) versus n). However, there
are several issues that can lead to misinterpretation of catalytic activity when using
this route. In general, the LSV obtained with a high scan rate yields a high experimental
inaccurate Tafel slope. LSV should be performed with the lowest possible scan rate.
If the catalysts is highly capacitive, the scan rate used for LSV becomes a serious
problem and can leads to large error when determining exchange current density
because jo is generally found by extrapolating the linear fit toward the corresponding
logaritmic current density at zero overpotential. In theory, a high exchange current
density calculated from Tafel equation means that electron transfer across the catalytic
interface will be easy and requires a very low activation energy and the result should
have a low overpotential, however, in the results obtained, a catalyst with a high

overpotential will have a large jo and it is not possible.'®3

Moreover that, capacitive current in the Faradaic region is not completely true because
it is not the steady state current and this also cause experimental inaccuracy to
determine Tafel slope. Hu and co-workers proposed a new method to determine more
accurate Tafel slope and used different overpotentials and the slope of the plot of log
(Rct) vs 1 is obtained as a Tafel slope.2® Solution resistance is excluded in this method
and Tafel slope of the catalyst depends only on the charge transfer ability of the catalyst
which results in an exact Tafel slope. To find the Tafel slope of an electrocatalyst,
either LSV or EIS methods may be preferred depending on the requirements and

conditions.
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Among the Tafel slope, exchange current density, and overpotential, overpotential at
a fixed current density can be considered the best activity parameter of the catalyst and
Jo is frequently used as an activity parameter in HER because which has less complex

mechanism than OER.

1.4.10.4. Turnover frequency (TOF)

Turnover frequency (TOF) is another important activity parameter in the literature and
can be defined in different ways. The electron transport rate per metal atoms on the
surface per second®* or the ratio of evolved product molecules per surface metal atom,
per electrochemically active site, or per number of total metal atoms4’- 1 are some of
the definitions of TOF. Under defined reaction conditions, TOF quantifies the specific
activivity of a catalytic centre for a special reaction by the number of molecular
reactions or catalytic cycles occurring at the centre per unit time. Since TOF reveals
the intrinsic electrocatalytic activity of a catalyst, in this thesis TOF values were
determined by copper underpotential deposition (Cu-UPD) method for acidic
conditions as explained below. In this approach, the number of active sites (n) were
calculated based on the UPD copper stripping charge Qcu, CUupd — Cu?* + 2e” with
the following equation n = Qcu/2F and then, the TOF (s!) were calculated with the

following equation®®:

I
TOF =——  (Eqgn. 16
onp  (Edn-16)

For the alkaline conditions, the values of TOF were estimated by using the following

formula®®”:

_ j Sgeo
TOF AnF (Egn. 17)

j: current density (A.cm), n: the number of moles of metal atoms on the electrode
surface, the number 4 : 4 electrons transferred per mole of O, F: the Faraday constant
(96485 C.mol™) and Sgeo :geometric surface area (cm?). By using this formula TOF

values of catalysts can be calculated for different current densities.
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1.4.10.5. Stability

One of the most important parameters in using the electrocatalyst for a particular
reaction is its stability or durability. The stability of electrocatalyst can be measured
using a combination of voltammetry, chronoamperometry, or chronopotentiometry. If
cyclic voltammetry is used to test stability of electrocatalyst than it is subjected to
repetitive cycling at certain potential ranges. Before and after the stability test, LSV
curves are recorded separately and the difference between the onset potentials,
overvoltages and current densities obtained from these curves are examined to
determine whether the electrocatalyst are stable or not and the results are compared
with the literature. Other methods used for stability measurement are to apply a
constant current or constant potential to the catalyst. After applying constant current
for a certain time, the catalyst is stable if the potential obtained is close to the initial
potential or if no change in potential is observed. Similarly, if the current obtained
does not change or a slight change is observed when a constant potential is applied,

the catalyst is also considered stable.

1.4.10.6. Faradaic Efficiency

Faradaic efficiency can be defined as the ratio of the actual mass of a substance
produced during the reaction by the passage of a current to the theoretical mass
produced according to Faraday's law.**® It was calculated using water displacement
method via Hoffmann apparatus (Figure 13). In this method, two electrode system and
chronopotentiometry method are generally used, however, herein Hoffmann apparatus
was modified and silver wire was integrated into the system as a pseudo reference

electrode to control the applied potential.
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Figure 13. Hoffman electrolysis apparatus.

Constant potential was applied to system and the amount of gas measured by
controlled potential coulometry method. The experimentally produced gas volume and
the theoretical volume of produced gas are compared at certain potential vs. Ag wire
which corresponds to a certain current in Hoffmann cell. To calculate Faradaic
efficiency for hydrogen evolution reaction, the theoretical volume of hydrogen gas is
calculated using Faraday’s relation (Q= i*t). By calculating the quantity of electricity
that passes through the system, number of moles of generated hydrogen can be
determined experimentally. Theoretical volume of hydrogen gas is calculated as

follows:
P.VH2: nHz.R.T

where; P is the atmospheric pressure during the experiment, n is the mole number
calculated from Faraday’s relation, R is the universal gas constant,0.082 L.atm.mol
K1 and T is temperature recorded during experiment (K), Vi is the theoretical
volume of produced hydrogen gas. Faradaic efficiency of oxygen evolution reaction is

also calculated by following same steps.

38



1.5. Motivation of the Dissertation

For the sustainable hydrogen production, electrochemical water splitting plays an
important role. The conversion of water to hydrogen and oxygen provides an
environmentally benign, carbon-free alternative for H> production. Noble and non-
noble metal based catalysts are extensively used to perform HER and OER,
respectively to lower the overpotential. 2°® Electrochemical water splitting kinetic is
seriously slow down due to considerable energy barriers causing from HER with two
electron transfer and OER with four-electron transfer reactions.’®® That is why,
developing an efficient, long-lived, and cost-effective electrocatalyst to decrease the
overpotential and increase the rate of HER and OER is still a challenging issue.

Recently, a large variety of catalysts containing noble metals (i.e. Ru, Rh) and non
noble metals (i.e. Ni, Cu) have been developed for HER. 0 7.16 wt. % IrHNC, 16111
wt. % IrP,@NC, %2 23.8 wt. % Ir@CON, % 59 wt. % Ir/g-CsN4/NG, 1% 17%
I/SINW,%  Rh  Nanowires,'®®  Rh/Si,**" Rh-Au-SiNW-2,'%  Rh  Hollow
Nanoparticles,'®® RhP/NC,'® Rh,P/C,}™* in situ- Rh/C,}"?> RhyP"® exhibit high
electrocatalytic activity in terms of over potential values or Tafel slopes. In addition
that, many oxide type electrocatalysts based on earth-abundant metals were also
reported to catalyze the OER. 1" There are many studies including Co based catalysts
for OER in alkaline medium such as Cuo3C027P/NC,}"® CoCr,04/CNS
Fe304@C0gSs/rGO-2,1"" CoP hollow polydedrons,”® SrNbg1Coo.7Feo2035,1"° and
C09Ss@NOSC-900°C*8%, However, in the synthesis of most of the reported catalyst
for HER and OER, harsh catalyst preparation conditions containing environmentally
unfriendly chemical reagents and high temperatures were required such as calcination
(400-600 °C), carbonization (800-900 °C), pyrolization(310-540 °C), solvothermal
treatment (600 °C), annealing (300- 600°C). The high metal amount used in the
catalysts and usage of binding agent such as nafion which blocks the active sites are

other disadvantages of the catalysts reported in the literature. !

The aim of this thesis was to synthesize low cost, highly active and stable
electrocatalysts with enviroment friendly synthesis method to be used for HER and
OER. Group 9B metals were chosen and combined with various metal oxides as
supporting materials to decrease metal amount and particle size while increasing

dispersion and charge transfer.
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CHAPTER 2

EXPERIMENTAL

2.1. Matenals

Rhodium (111) chloride trihydrate (99.9% metal basis), iridium(l11) chloride hydrate
(IrCl3.xH20) (trace metal basis 99.9%), cobalt(Il) chloride hexahydrate (CoCl2.6H20,
98%), cobalt(I1,111) oxide ( < 50 nm particle size), titania (TiO; particle size = 25 nm)
(99.9%), zirconia (ZrO2 = 100 nm) (99.9%), ceria (99.9%) (CeO: particle size = 25
nm), Pt/C (10 wt. %), nafion perfluorinated resin (5.0% wt. in lower aliphatic alcohols
and water, contains 15-20% water) and sodium borohydride (98%), dimethyl
formamide (DMF) and potassium hydroxide (KOH, 98%) were supplied from Sigma
Aldrich. Unless otherwise stated, all the above chemicals were used as received

without further purification.

2.2.  Synthesis of metal oxide containing catalysts

Desired amount of supporting metal oxide (MO,, M=Ce, Ti and Zr) powders and the
desired amount of metal salts were mixed in 100 mL distilled water and the mixtures
were stirred for 24 h at room temperature. Then, 10 mL of the NaBHa solutions were
added to these slurries drop wise in 1:5 mole of metal:moles of NaBHjs solutions ratio
(for Ir containing catalysts 1:40 mole of metal:moles of NaBHj4 solutions ratio was
used) and the mixtures were stirred for 60 min (Ir containing catalysts 3h stirring was
applied). After this period, Rh, Ir or Co nanoparticles on supporting metal oxide were
obtained and separated from the solutions via centrifugation at 8000 rpm for 10 min.
In order to remove residues coming from the solution, the obtained catalysts were
washed with 50 mL water and dried under vacuum at 60°C for 12 h (Figure 14). Metal
content of our catalysts were determined by using ICP-OES (Table Al) .
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Figure 14. Synthesis scheme of the catalysts

The amount of metal salts were calculated using the following formula:

eight of metal salt .
WeLg f x molecular weight of metal
molecular weight of metal salt 00

weight of metal salt+weight of supporting material

Percent loading =

2.3. Electrode preparation and electrochemical studies for HER and

OER

2.3.1. Electrochemical set-up

Gamry PCI4/300 potentiostat—galvanostat was used for all electrochemical studies. A
three-electrode system consisting of a working (GCE, d=3.00 mm), a reference
(Ag/AgCl in 3 M NaCl solution for HER or Hg/HgO in 3.0 M KOH solution for OER),
and a counter (Graphite rod for HER or Pt wire for OER) electrodes were used for the
electrochemical measurements. Alumina polishing suspension was used to clean
GCEs prior to their use. The electrochemical cell and its components used during

electrochemical measurements are shown in Figure 15.
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Figure 15. The electrochemical cell and its components used during electrochemical
measurements.

2.3.2. Electrode preparation

GCEs were modified with as-prepared catalysts to determine the electrochemical HER
activities of them. To modify the GCEs desired amount of Rh or Ir containing catalyst
was sonicated for 1 h in 500.0 pL isopropanol and 2.0 pL aliquot of this dispersion
was dropped onto previously cleaned GCE. The suspension was dried on GCE at room
temperature for 1 h. For comparison Pt/C on GCE was also prepared by following the
same procedure given above using 15.0 mg of commercial Pt/C. Note that the amount
of metal content (Ir and Rh) on the GCE was kept constant as 85.7 pg.cm™ for all

measurements.

To determine the electrochemical activities of the synthesized OER catalysts, the
working electrodes were obtained by modifying 0.07 cm 2 GCE with catalyst inks. For
the ink solutions, 445.0 uL of DMF, 5.0 pL of Nafion, and desired amount of catalyst
were mixed and further dispersed via 1 h ultrasonication. Subsequently, the prepared
ink solution was drop cast on the GCE and dried at room temperature overnight.
Loading densities were kept constant as 51.58 pg.cm2 for all three Ir catalysts and
107.0 ug.cm for all three Co catalysts. The cobalt containing working electrodes were
treated by oxidative constant current (0.07 mA.cm2) electrolysis for 10 s and the
iridium containing working electrodes were pretreated during 100 s with constant
current (-6x10* A) just before the measurements started. After conditioning, the
surface is covered with thin oxide layer. Therefore, Co/MO2 can be considered as
CoOx/MO:..
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2.3.3. Electrochemical measurements

LSV was utilized to investigate the electrochemical activity of the modified electrodes
in 0.5 M H,SOq4 solution at 5 mV/s scan rate. The obtained potentials were optimized
with respect to reversible hydrogen electrode (RHE) by using the following equation
(Evs RHE =Eus agiagci+ 0.210 + 0.059 pH) V 82 The electrochemical impedance
spectroscopy (EIS) measurements were performed at various potentials in the
frequency range of 0.1-100,000 Hz with an amplitude of 5 mV. The electrocatalytic
stability of catalysts on GCE were tested by recording cycling voltammogram (CV) in
0.5 M H2S04 solution in the range of -0.50 to +0.50 V vs. Ag/AgCl at a 50 mV.s scan

rate.

The electrochemical activities of the synthesized OER catalysts were studied in a
three-electrode setup. Hg/HgO was used as a reference electrode and Pt wire as a
counter electrode. Linear sweep voltammograms (LSV) were recorded in the range of
0.0- 1.0 V vs. Hg/HgO with a scan rate of 20 mV.s™%. All the potentials were converted
to the reversible hydrogen electrode at pH =14 (Evs R = Evs Hggo + 0.915) 183 and the
LSV data were given after compensation for IR drop. The stability experiments were
conducted by chronopotentiometry method in 1 M KOH solution at a constant current
density of 10.0 mA cm™2. Note that details of synthesis, characterization and
electrochemical preparation of MO (M= Ti, Zr, Ce) supported rhodium, iridium and

cobalt nanoparticles were represented in Appendix A.

2.4. Instrumentation

The metal content was determined by using inductively coupled plasma optical
emission spectrometry (ICP—OES) (Leeman-Direct Reading Echelle). Powder X-ray
diffraction (XRD) patterns were acquired on a Rigaku MiniFlex Xray diffractometer
(radiation source Cu Ko, A =0.15418 nm, and scanning rate = 2 min—1). Transmission
electron microscopy (TEM) images were taken on a JEOL JEM-2100F electron
microscope. X-ray photoelectron spectroscopy (XPS) was performed on a Physical
Electronics’ 5800 spectrometer (Al Ka radiation of 1486.6 eV).
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1. Electrocatalytic activity of MOz (M= Ti, Zr, Ce) supported rhodium,

iridium and cobalt nanoparticles towards HER

3.1.1. Electrocatalytic activity of Rh NPs supported on MOz

At the beginning of the detailed investigations of the catalysts, the factors affecting the
activity of rhodium nanoparticles towards hydrogen evolution reactions were
examined under four main headings. The counter electrode effect, the effect of the
supporting metal oxide, the effect of the loading amount and the effect of the loading
density on the working electrode are the main topics mentioned above and going to be

explained below.

3.1.1.1. Effect of counter electrode on the performance of Rh catalyst

Pt wire and graphite rod were used comparatively as counter electrodes in the
electrochemical cell to observe whether there was metal dissolution in acidic media.
Electrocatalytic activity of 0.5 % Rh/TiO2 modified GCE was investigated by
recording polarization curves in 0.5 M H2SO4 solution. First of all, the Pt wire was
used as a counter electrode. Since the electrocatalytic activity of the modified electrode
was found to be improved gradually after potential cycling between -0.5 and 0.5 V vs.
Ag/AgCl when using Pt wire, Rh/TiO. modified GCE was subjected to the potential
cycling until no more change was noted in the onset potential. This point was reached
after 2000 cycles of CV treatment in 0.5 M H2SO4 solution. There were Pt dissolution
and deposition on surface of the Rh/TiO> during 2000 cycle pretreatment.

To check the activity of the deposited Pt without Rh, the same pretreatment was

applied to the bare GC electrode and bare TiO. on GCE. After applying the same
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treatment, the obtained Pt deposited TiO2 and GC electrode did not show any
promising electrocatalytic activity as compared to the treated Rh/TiO,. The onset
potentials, the overpotentials and the Tafel slopes of bare GCE, bare TiO, initial 0.5%
Rh/TiO2, Pt deposited bare GCE and bare TiO2 and Pt deposited Rh/TiO. were given
in Table 2 to see how the presence of very low amount of Rh helps the improvement
of electrode.

Table 2. Onset potentials, Tafel slopes and overpotential values of bare GCE, TiO>
and Rh/TiO for the initial state and after 2000 cycles treatment. (With IR
compensation.)

initial after 2000 cycles treatment
no Tafel M0 Tafel
jo
(mVvs.  slope Jo (mVvs.  slope
A.cm?)
RHE (MV vs. ” RHE (mvvs. (M
) | (mV/dec) RHE) (mA.cm?) ) (mV/dec) RHE)
Bare 660 -- - 267 106 274@-10 0.028
GCE mA/cm?
TiO2 498 464 -- - 93 87 104@-10 0.631
mA/cm?
Rh/TiO2 322 115 356@-10 0.009 28 32 37@-10 0.686
mA/cm? mA/cm?

The observed improvements in the electrochemical activities of Rh/TiO2 during the
treatment (Table 2, Figure 16 (a) and (b)) were attributed to cathodic deposition of Pt
originating from anodic dissolution of Pt counter electrode.8* 185 188 For the detail
studies to understand how the bimetallic interaction affects the catalyst activity, GCE
modified with 0.5% Rh/TiO catalyst was chosen as the working electrode when Pt
was used as the counter electrode. In the cell, the electrodes were not separated and
the acidic electrolyte is continuously stirred, so that platinum from the dissolution of
the counter electrode could easily reach the working electrode.
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Figure 16. (a) The comparison of polarization curves of bare GCE, TiO, and Rh/TiO»
catalyst on GCE before and after treatment in 0.5 M H>SOs at a scan rate of 20 mV.s!
(b) Polarization curves for the initial, 500, 1000, 1500 and 2000 cycle treated Rh/TiO2
catalyst on GCE in 0.5 M H,SOs at a scan rate of 20 mV.s™.

The dissolution of noble metals in acid solution by anodic scanning is a well-known
and studied subject in the literature. 184 185187 - 192, pt ywas ysed instead of graphite rod
as a counter electrode in order to make cathodic deposition of the anodically dissolving
metal and to observe the change of catalyst activity by reducing the metal amounts.
Generally, Pt counter electrode contamination can be summarized as oxidation-
dissolution-deposition process. As understand from the reactions in Table 3, under
anodic potentials, the surfaces Pt atoms adsorb oxygenated species followed by O-
penetration into sub-layers to form oxidized Pt-Oe, which is unstable to be
dissolved.!® After dissolution, the Pt ions in the solution redeposit onto the working

electrode under cathodic potentials.

Table 3. Oxidation-dissolution-deposition process of Pt in acidic medium

Under anodic potential Under cathodic potential

Pt + H,O — PtO + 2H* + 2¢e-

Pt?* + 2e" — Pty

PtO + H.0 — PtO2 + 2H" + 2¢

Pt-Oex+ 2H* — Pt** + H,O

Pt* + 4e" — Pty

Pt'OZex + 4H+ ad Pt4+ + 2H20
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As it is known, dissolution and electrodeposition of platinum is a slow process and the
amount of Pt deposited on GCE increases with the increasing number of CV cycles.
After 2000 cycle, there is no noticeable change in the onset potential, the Tafel slopes
and overpotential values at 10 mA.cm™ (Table 4). The amount of Pt deposited on
Rh/Ti02-GCE after 500, 1000 and 2000 cycles, were determined as 0.52, 6.38 and
17.94 mole/mole ratio, respectively by using ICP-MS (please see Appendix for the

details of instrumentation).

Table 4. Onset potentials, Tafel slopes and overpotential values of initial Rh/TiO2 and
Rh/TiO; after 500, 1000 and 10000 cycle treatment. (With IR compensation.)

Mo Tafel slope Mo
(mV vs. RHE) (mV/dec) (mV vs. RHE)
initial 317.0 115.0 352.7
500 cycle 83.0 55.0 103.0
1000 cycle 46.0 38.0 52.0
2000 cycle 28.0 32.0 37.0
10000 cycle 29.0 sl 40.0

For the bimetallic catalyst, besides metal-support interaction metal-metal interactions
are also important in HER. Therefore, the observed improvement in the
electrocatalytic activity of Rh/TiO2 can be attributed not only to Pt deposition but also
Rh-Pt interaction.!®® By using very low amount of Rh, highly good results can be
obtained and these results are due to the bimetallic relationship of Pt with Rh. The
name of the bimetallic catalyst obtained after 2000 cycles treatment was updated as
Rh/Ti02-2000 to avoid any ambiguity

Rh/Ti02-2000 shows superior electrocatalytic activity in 0.5 M H2SOs solution for
HER with ultralow mass loading of Rh (3.79 pg.cm™). The polarization curves
belonging to bare GCE, TiO. and Rh/TiO2-2000 modified GCE after CV treatment
(2000 cycle) were presented in Figure 17 (a) and corresponding Tafel curves were
given in Figure 17 (b). Tafel slopes of bare GCE, TiO2 and Rh/TiO>-2000 modified
GCE were calculated as 106, 87, and 32 mV.dec™?, respectively (Figure 17 (b)).
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Figure 17. (a) Polarization curves of the treated electrodes (bare GCE, TiO; and
Rh/TiO; catalyst on GCE) at 20 mV.s™! scan rate in 0.5 M H,SO4 and (b) corresponding

Tafel curves.

The Pt counter electrode was replaced by graphite electrodes and the LSV graph is

shown below (Figure 18). There is no improvement after treatment when using

graphite rod as a counter electrode and catalyst lost some of its electrochemical

activity. In the continuation of the thesis, graphite electrode was used as a counter

electrode in order to prevent platinum contamination and to evaluate the HER

performance of group 9B metals in the acidic environment. Characterization and

detailed investigation of Rh/TiO2 and Rh/TiO.-2000 were also presented in Appendix

B.
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Figure 18. The electrocatalytic activities of untreated and treated Rh/TiO, with
graphite and Pt counter electrode. (CE: counter electrode)

49



3.1.1.2. Effect of metal oxides on the performance of Rh catalysts

At the beginning of the experiment, different supporting materials combined with Rh
metal with 0.5 % loading percent to find the best Rh containing catalyst towards
hydrogen evolution reaction. According to the LSV curves in Figure 19, ceria was
found to the best supporting material among titania, zirconia, alumina, hafnia and
silica. Rh/CeO; exhibits the best activity, Rh/TiO2 and Rh/ZrO, show moderate
activity and Rh/Al,0O3, Rh/HfO2 and Rh/SiO2 show no activity when considering the
onset potentials, overpotentials, and Tafel slopes (Table C1). In fact, the switch
between Ce®*" and Ce*" oxidation states in CeO. provides generation of strong
electronic interactions with other species, which enables CeO, to enhance the
performance of electrocatalysts by improving charge transfer efficiency during water

splitting. After this finding, Rh/CeO> was selected for detailed examination.

0.04 —
-14.0 4
__ -28.0 -
E_ -42.0 - e Rh/Ce0,
< —— Rh/TiO,
.E -56.0 1 i Rh/ZrO,
B -70.0 4 ———Rh/ALLO,
Rh/HfO,
-84.0 . ——Rh/SiO,
-98.0

500 -400 -300 -200 -100 0
E ( mV vs Ag/AgCl)

Figure 19. Polarization curves of the Rh containing catalysts in 0.5 M H2SO4
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3.1.1.3. Effect of loading on the performance of Rh/CeO:2 catalysts

In order to observe the effect of the metal amount on the performance of the catalyst,
four different catalysts were prepared by keeping the amount of support material
constant and changing the amount of Rh metal. After the preparation of 2.0%, 3.0%,
4.0% and 5.0% Rh/CeO catalysts, all of them were tested for the HER in 0.5 M H2SO4
by keeping the amount of Rh on the electrode surface constant. According to
polarization curves belonging to these catalysts in Figure 20, it was found that
changing the loading amount between 2.0% and 5.0% did not cause a large difference
on the activity of the catalysts. However, 4.0% Rh/CeO; exhibits slightly better
performance than the other catalysts with different loadings when considering its onset

potential, Tafel slope and overpotential values together.
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Figure 20. Polarization curves of Rh/CeO. catalysts with different loading amounts.
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3.1.1.4. Effect of loading density on the performance of Rh/CeO: catalysts

The effect of loading density was also investigated. Electrochemical studies were
carried out by changing the loading density on the electrode and the results were given
in the Table 5. Accordingly, the best performance was obtained when the loading
density was equal to 85.7 pg.cmfor 4% Rh/CeO.. When the 5% Rh/CeO, with 257.1
ng.cm? loading density was used as a working electrode, similar results were obtained

however the electrode could not maintain its activity even in the second measurement.

Table 5. Activity results of Rh/CeO, catalysts at different loadings and loading
densities.

LOADINGS @ Loading Onset Potential Overpotential at Tafel Slope
Density | (mV vs. Ag/AgCl) 10 mA/cm? (mV.dec™)
(ng/cm?) (mV vs. Ag/AgCl))
85.7 265 275 46
171.4 278 296 54
2%
257.1 257 274 48
342.8 267 293 50
85.7 260 269 46
1714 261 300 45
3%
257.1 250 280 52
342.8 285 302 52
85.7 256 263 37
1714 246 265 44
4%
257.1 262 327 48
342.8 218 309 54
85.7 230 270 47
171.4 215 263 38
5%
257.1 225 255 34
stable g 342.8 240 275 45
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Findings

» Ceria is better supporting material than TiO., ZrO HfO2, Al>Os, and SiO»
towards HER in acidic media. Activity order is CeO2 > TiO2> ZrO2> Al,O3>
HfO; > SiOa.

» % Loading (2% -5%) does not affect the catalytic activity significantly if
loading density is kept constant.

» When loading density increases, pouring of the catalyst increases and the
stability decreases.

> Considering the onset potential, overpotential at 10 mA.cm and Tafel slope,

4% loading and 85.7 pg.cm™ was chosen.
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3.1.1.5. Characterization of Rh/CeO2

Ceria supported Rh nanoparticles, Rh/CeO,, was prepared by the reduction of Rh**

ions on CeO, surface at room temperature in aq. NaBH4 solution and characterized by
TEM, ICP-OES, XPS and XRD. According to TEM images (Figure 21 (a)-(b)), the
particle sizes of Rh on the surface of CeO2 was determined as in the range 1.2-4.2 nm.
Mean particle size of highly dispersed Rh NPs was found as 2.60 + 0.54 nm (Figure
21 (d)). The existence of Rh, Ce and O in Rh/CeO; catalyst were confirmed via TEM-
EDX analysis (Figure 21 (c)).

Frequency (%)

0 4 8 12 16 20 24 1.5 20 25 3.0
keV Particle size (nm)

3.5 4.0

Figure 21. a, b) TEM images and, c) the corresponding EDX spectrum of Rh/CeO-
and d) the particle size distribution histogram.
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The diffraction peaks observed at 2 theta (degree) of 28.66, 33.13, 47.50, 56.42, 59.25,
69.45, 76.80 and 79.21 correspond to (111), (200), (220), (311), (222), (400), (331),
and (420) planes, respectively, (JCPDS file No: 81-0792) 1°*. The comparison of XRD
patterns of Rh/CeO: (Figure 22 (a)) and CeO catalyst (Figure 33b) shows that there is
no change in the framework lattice of CeO; after the rhodium loading. However, due
to the low rhodium loading there is no peak indicating the Rh NPs in Figure 22 (a).
Note that the strong and sharp diffraction peaks are attributed to the high crystallinity
of CeOa.

4000 . 111 —— RhiCeO,

3000

420
1000 -+

Intensity (counts)

4000 4

3000

2000 +

1000

Intensity (counts)

20 30 40 50 60 70 80

2- theta (degree)

Figure 22. Powder XRD pattern of a) Rh/CeO> (4.0% wt. Rh) and b) bare CeO,.
(JCPDS file No: 81-0792).
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The XPS spectra of full scanning survey between O and 1200 eV given in
Figure 23 (a) also proves the existence of Rh nanoparticles on the surface of ceria. For
the peak differentiating and imitating (PDI) analysis, C1s peak at 284.4 eV % used as
a reference. The binding energy of Rh 3d was calibrated by subtracting the difference
of theoretical and experimental (285.65 eV) values of C1s peak. XPS spectrum of Rh
3d bands of Rh/CeO» was shown in Figure 23 (a). Rh 3ds» peak at 307.1 eV and Rh
3ds2 peak at 309.2 eV were attributed to metallic rhodium®®1%"The other peaks at
311.7 eV and 313.6 eV show the oxides species of rhodium. 1%

(307.1eV)

Rh3d5/2
(oxide)
(309.2 eV)

1.0x10°% 4 3
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Figure 23. (a) The survey-scan XPS spectrum of Rh/CeO3, (b) XPS spectrum of Rh
3d bands.

3.1.1.6. Electrochemical studies of Rh/CeO2

Prior to the investigation on the electrocatalytic activity of Rh/CeO,, to understand
whether bare glassy carbon electrode (GCE) or CeO2 without rhodium show any
electrocatalytic activity under the same experimental conditions, control experiments
were also carried out. For this purpose, 2.0 uL Rh free aliquot was dropped onto a
cleaned GCE and this electrode was used to check catalytic activity of CeO..
Polarization curve obtained by using Rh/CeO, modified GCE is given in Figure 24
together with polarization curves recorded by using bare GCE, CeO2 modified GCE
and Pt/C modified GCE. As seen from the Figure 24 both ceria modified GCE and
bare GCE show no electrochemical activity for HER in 0.5 M H2SOs solution.
However, Rh/CeO., exhibited reasonably high electrocatalytic HER activity with low
Tafel slope of 34 mV.dec™ in the same electrolytic solution (Figure 24).
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Figure 24. Polarization curves obtained in 0.5 M H,SO4 (voltage scan rate=5 mV.s™)
for the unmodified GCE, CeO> modified GCE, Rh/CeO> and Pt/C modified GCEs.
(Inset: Tafel plots for Rh/CeO. and Pt/C obtained from polarization curves for HER.)

The onset potential (no) of Rh/CeO- catalyst (-25 mV vs. RHE) was found to be not
only lower than most of the reported values but also very close to 1o of Pt/C electrode
(-19 mV). It is also noteworthy that the overpotential value (1) of the Rh/CeO»-GCE
was only n =42 mV vs. RHE (at j = 10 mA.cm) which is also lower than most of
the other reported catalysts (Table 6) such as Rh/Si*®, RhzS3?®, PtSi®,
Rh3Pb,S3/C?%2, Rh-Ag/SiNW2%, and Rh2%4,
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Table 6. Summary of recently reported electrocatalysts using for HER in 0.5 M H2SO4
reaction medium. Data were recorded 2with and  without IR compensation. (Note that
for the IR compensation, solution resistance (Rs) was calculated from EIS and the
effect of Rs were corrected by using positive feedback IR compensation.)

Rh Nanowires?

Rh/Si P

Rh-Au-SiNW-22

Rh Hollow
Nanoparticles?
Rh2P/NCP

RhzP/C?

in situ- Rh/C?

10% Pt/C?

RhPP

Rh@CeO2?

Rh@CeO2*
(after 10000)

Rh2S3P

Rh3Ph2S,/C?

Rh-Ag/SiNW-2°

Rh Nanoislands?
Rh?

Loading

density

(ng.cm?)

193

255

2.26

700

3.79

85.7

133

85.7

85.7

153
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140

169

Size

(nm)

1.6

20

3.89+1.24

100

5-20
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1Mo Vs.
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(mV)
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~-20
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Tafel slopes were found by fitting the linear regions of Tafel plots (inset of Figure 24)
derived from LSV curves and Tafel slopes values of 34 mV.dec and 30 mV.dec?
were obtained for Rh/CeO; and Pt/C modified GCEs, respectively. The value obtained
for Rh/CeO; (34 mV.dec™) indicates that the rate-limiting step of electrocatalytic HER
is the desorption of H, from the electrode surface and the Volmer—Tafel mechanism?'?
could be used for hydrogen evolution. It was found that Rh/CeO2 has 0.527 mA.cm™
of jo value which is comparable that of Pt/C modified GCE (jo=0.424 mA.cm™?). These
Kinetic parameters obtained for Rh/CeO- are tabulated in Table 6, together with similar
electrocatalysts reported in the literature for comparison sake. A close inspection of
Table 6 reveals that the Tafel slope (34 mV.dec™), exchange current density (0.527
mA.cm2) and onset value of Rh/CeO; (-25 mV vs. RHE) are comparable or even better

than the other reported catalysts given in the Table 6.
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Figure 25. The polarization curves of Rh/CeO2 in 0.5 M H2SO4 before and after 10000
cycles which correspond to 55.5 h.

To check the long term stability the Rh/CeO> was subjected to repetitive potential
cycling in the range of -0.50 to 0.50 V vs. Ag/AgCI at a 50 mV/s scan rate in 0.5 M
H2SO4 aqueous solution. As can be seen from Figure 25, there was no change in the
onset potential before and after 10 000 scans (-25.0 mV). On the other hand, a slight
increase in the Tafel slope (from 34 to 38 mV.dec™ )was noted. These results suggest
that Rh/CeO- is highly durable electrocatalyst. Considering all these results one can

conclude that Rh/CeO»-GCE possess reasonably higher electrocatalytic activity and
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superior long term stability in HER as compared to the other reported catalysts. For
example, Rn,P@NC?® was found to retain its activity after 1000 CV cycles in 0.5 M
H2SOa4 solution, on the other hand, Rh,P?® showed a slight increase in the
overpotential to afford a current density of 10 mA.cm2 after 1000 CVs. Such a small
negative shift was also reported by Chen. et. al. for Ru/ GLC?" after 1000 cycles. Pu.
et. al. and Nguyen. et al. reported small cathodic shifts in the overpotential values after
3000 for RuP,@NPC?* and after 2000 CV cycles for NiiRhs nanosponge?*,

respectively.

In all these examples, less than 5000 CV cycles were used to examine the stability of
modified electrodes and there are only few examples in which 10 000 CV cycles were
applied to investigate the long term stability. Kim et.al.?** applied 10 000 cycle scans
between —0.3 V and 0.1 V (vs. RHE) with a scan rate of 50 mV s~* and reported a very
small increase in the overpotential of RhaPh,S; after the stability test. Although this
electrocatalyst exhibits long term stability, the kinetic parameters such as Tafel slope
and overpotential at 10 mA.cm2 are higher than most of the catalysts listed in Table

6. Furthermore, preparation of RhsPhb,S; nanocages requires toxic organic solvents.

In the case of Rh/CeO,, only 6 mV increase in the n at 10 mA.cm2 and 6 mV.dec™
increase in the Tafel slope after 10 000 cycle were observed. Moreover, preparation of
our catalyst is environmental friendly and includes no toxic material. In fact, Rh/CeO>
was even attached on GCE without using any binders such as nafion which cause lower
catalytic activity by blocking active sites and pores.?t®

4.2
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Figure 26. a) Copper UPD of Rh/CeO- in 1 M H>SO;4 solution and b) corresponding
TOF vs overpotential graphs.
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To get more information about the electrocatalytic activity of Rh/CeO,, TOF values
were calculated by using the estimated number of active sites which were obtained via
underpotential deposition (UPD) of copper onto Rh/CeO- in acidic solution (Figure 26
(@)). Figure 26 (b) shows that the calculated TOF values for Rh/CeOz in 1 M H,SO; at
50 and 100 mV (vs. RHE) are 0.35 and 1.56 s %, respectively.
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Figure 27.a) The Nyquist plots for Rh/CeO: at different overpotentials b) Tafel plot
of Rh/Ce0O,-GCE, obtained using RCT from the EIS.

The electrocatalytic HER performance of Rh/CeO, was also investigated by
conducting electrochemical impedance spectroscopy (EIS) measurements at various
overpotentials in 0.5 M H>SO4 solution. The resulting Nyquist plots are shown in
Figure 27 (a) and inset of Figure 27 (a) shows equivalent circuit model used to fit the
experimental data. Nyquist plots given in the Figure 27 (a) consist of two semicircles
at low and high frequency regions. While the one at low frequency region can be
attributed to charge transfer process, the latter might be due to the mass transfer
processes of the adsorbed species?®? on GCEs. According to Figure 27, Rer values
decrease with increasing overpotentials which indicates that HER kinetic increases at
high over potential values. Double layer capacitance (Cpr) was found as 0.296 mF at
the onset potential by using EIS which is consistent with the value obtained from CV
experiments at different scan rates (CpL=0.270 mF) (Figure 27). Note that Cp. value
of Rh/CeO: is comparable to that of commercial Pt/C-GCE (CpL= 0.247 mF,
Appendix). The electrochemically active surface area (ECSA) of Rh/CeO; was
calculated from the obtained Cpy (0.270 mF) (Figure 28) and was found as 6.75 cm?.
It should be noted that a very close Tafel slope value (38 mV.dec?) to the one obtained

from LSV (34 mV.dec™?) was obtained from EIS measurements (Figure 27 (b)).
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Figure 28. (a) Representative multi CV experiment at different scan rates for Cp.
determination in 0.5 M H2SOg; (b) capacitive current at 0.45 V (vs Ag/AgCl) versus

scan rates for Rh/CeO,. ECSA = 6.75 cm?

The volume of the evolved H> gas from the water electrolysis was measured in a

Hoffman electrolysis cell and followed as a function of time. A constant potential

coulometry was applied at 25°C in 0.5 M H2SO4 and Faradaic efficiency was obtained

by comparing the theoretical and experimental results. As it is seen in the volume of

generated Hy vs. time plots shown in Figure 29, the experimental volume of the gas is

so close to the theoretical volume and the Faradaic efficiency of Rh/CeO: catalyst was

calculated as 89.8%.
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Figure 29. Generated H> volume versus time graph for Rh/CeO2 during the
electrolysis of water in 0.5 M H>SOa. Theoretical value was obtained from ideal gas

equation and Faraday’s relation.
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3.1.1.7. Outlook of the synthesis, characterization and electrochemical studies of

Rh/CeO2

Rhodium NPs were successfully formed on the surface of CeO: by simple
impregnation technique and characterized by TEM, TEM-EDX, XRD and ICP-OES.
Rh/CeO, was attached on GCE without using any binder such as nafion solution and
used as an electrocatalyst for HER in acidic environment. Rh/CeO. provides a low
Tafel slope value (34 mV.dect) and high exchange current density (0.527 mA.cm™)
with a low overpotential of 42 mV at j = 10 mA.cm 2. Rh/CeO- with a very low mass
loading 85 pg.cm™ provides also exceptional electrocatalytic activity and durability

even after 10 000 cycles.

3.1.2. Electrocatalytic activity of Ir NPs supported on MO

3.1.2.1. Effect of metal oxides on the performance of Ir catalysts

Before starting the detailed investigation, different supporting materials combined
with Ir metal to find the best Ir containg catalyst towards HER. According to the LSV
curves in Figure 30, ceria was found to best supporting material among titania, zirconia
and ceria. Although Ir/CeQg, Ir/ZrO, and Ir/TiO2 were prepared using the same amount
of supporting materials by following the same procedure, it was observed that iridium
adhered better to the ceria surface based on the ICP results. Ir content of the prepared
catalysts was determined as 2.44%, 1.13% and 0.63% wt. Ir for Ir/CeOg, Ir/ZrO; and
Ir/TiO2, respectively. The decrease in ICP results from ceria to titania from 2.44 to
0.63% reveals the importance of metal oxides for iridium. Ceria was used as a
supporting material in detailed studies for iridium. Although the ratios during synthesis
of 1r/CeO, were the same as Rh/CeO., the iridium content of the iridium catalyst
prepared as 4% was found to be 2.44%. This may be due to the fact that the iridium
salt used is very humid, which affects the weighing. Although Ir/CeO; was 2.44%,
loading density was kept the same as in Rh/CeO; studies for comparison purposes.
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Figure 30. LSV curves for Ir/CeO, Ir/ZrOz, Ir/TiO2 and CeO2 on GCE, Pt/C and bare
GCE in 0.5 M H2SO4 (inset; the curves zoomed on onset potential of Ir/ZrOg, Ir/TiO,
CeO20n GCE)

3.1.2.2. Effect of loading on the performance of 1r/CeO2 catalysts

To investigate the effect of loading on catalyst performance, four different Ir/CeO>
catalysts with 2, 3, 4, and 5% mass percent iridium were prepared. When the prepared
catalysts were characterized by ICP-OES, their Ir percentages were found as 1.21,
1.97, 2.44 and 3.55, respectively. By keeping the amount of Ir on the electrode surface
constant, LSV measurements were carried out using catalysts containing less than or
even more than 2.44% Ir by mass (Figure 31). The results indicate that 2.44 % is the
optimum amount (Table 7). As it is expected, the catalytic performance of Ir/CeO>
shows variations (i.e Tafel slope, onset potential etc.) with increasing Ir content.
However, there is no significant enhancement in the electrocatalytic activity of Ir/CeO>
when the iridium amount increased more than the optimum amount. For this reason,
the Ir/CeO: catalyst, which is prepared at 4 % but actually has an iridium of 2.44% by

mass, has been examined in detail in the thesis.

64



0-
-100 -
£ -200-
Q
< Ir loading (wt.%
E a0 r loading (wt.%)
=~ 244
— 3.55
400 - 1.97
1 .21
-500 T T T T
-0.68 -0.45 -0.23 0.00
E (V vs.RHE)

Figure 31. LSV curves for the Ir/CeO; catalysts with different Ir loadings

Table 7. Overpotential, Tafel slope and onset potential values of 1r/CeO- catalysts with

different Ir loading

Ir loading
(wt.%0)

2.44
3.55
1.97

1.21

Overpotential

@-10 mAcm??

(mV vs. RHE)
-23.0

-38.0
-59.0

-434.0

Tafel Slope Onset potential
(mV.dec?) (mV vs. RHE)
38.7 -13.0
48.0 -23.0
57.0 -22.0
212.0 -187.0
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3.1.2.3. Characterization of Ir/CeQO2

The size and dispersion of impregnated Ir nanoparticles on the surface of ceria were
investigated by TEM analysis. The TEM images given in Figure 32 (a) and (b) prove
the high dispersion of Ir NPs with the particle size range from 1.6 to 3.4 nm (Figure
32 (c)) on CeO,. The mean particle size of Ir was found as 2.25 + 0.41 nm. The
presence of Ir, Ce and O in the catalyst content were confirmed by TEM-EDX (Figure
32 (d)). The TEM analysis of Ir/TiO2 and Ir/ZrO, were given in appendix Figure C.4

and Figure C.5 and the mean particle size of Ir was found as 2.83 + 0.44 nm and 3.15+

0.77 nm, respectively.
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Figure 32.a, b) TEM images, c) the histogram and d) the corresponding TEM-EDX
spectrum of 1r/Ce0s,.
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According to the XRD analysis given in Figure 33 (a) and (b) , the diffraction peaks
of ceria observed at 2 theta (degree) of 28.66 ((111) plane), 33.13 ((200) plane), 47.58
((220) plane), 56.40 ((311) plane), 59.17 ((222) plane), 69.59 ((400) plane), 76.82 ,
((331) plane) and 79.22 ((420) plane ) (JCPDS file No: 81-0792).182 The strong and
sharp diffraction peaks in the XRD patterns of 1r/CeO, (Figure 33 (a)) and CeO:>
(Figure 33 (b)) reveals that the good crystallinity of the CeO> nanoparticles were
preserved after impregnation of Ir nanoparticles. On the other hand, due to low Ir

loading no peaks indicating the presence of Ir NPs were observed in Figure 33 (a).
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Figure 33. Diffraction pattern of a) Ir/CeO2 (2.44% wt. Ir) and b) CeOx.
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3.1.2.4. Electrochemical studies of Ir/CeO2

The electrocatalytic performance of the catalysts was evaluated by the onset and Tafel
slope values. The prepared iridium catalysts were tested in HER. Before the test
reaction, the activity of bare GCE and the supporting materials (CeOg2, TiO, ZrOy)
without iridium were checked and no electrocatalytic activity of these samples were
observed. To study the activity of the catalysts for HER, 1r/CeO2, Ir/ZrOzand Ir/TiO;
nanoparticles and Pt/C were loaded onto polished GCE with 85.7 pg/cm? metal loading
density by drop casting method.
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Figure 34. (a) LSV curves for Ir/CeO», Ir/ZrO», Ir/TiO; and CeO: on GCE, Pt/C and
bare GCE in 0.5 M H>SO4 (inset; the curves zoomed on onset potential of It/ZrO»,
Ir/Ti0,, CeO2 on GCE), (b) corresponding Tafel slopes of It/CeO., It/ZrO,, Ir/TiO:
and Pt/C.

The polarization curves belong to the catalysts, ceria and bare GCE are given in Figure
34 (a) with the inset Figure which was zoomed on the onset potential of 1r/ZrO> and
Ir/TiO2 and CeO- without Ir. Although the loading density of the catalyst on the GCE
surface was kept constant to maintain the same amount of metal, the onset potentials
show variation depending on the metal oxide. The onset potential of Ir/CeO2 (-13 mV)
was found pretty much lower than that of 1r/ZrO, (-55 mV) and Ir/TiO2 (-130 mV).
Moreover, the Tafel slope of Ir/ZrO; (-150 mV.dec?) and Ir/TiO2 (224 mV.dec™) were
found quite higher than that of 1r/CeO2 (38.7 mV.dec™) (Figure 34 (b)).
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The higher electrocatalytic activity of Ir/CeO> can be attributed to reducible nature of
ceria which promotes both the activity and metal-support interaction which is a well-
known phenomenon in the literature.’®® The electrocatalytic activity of Ir/CeO2 was
also compared with the benchmark Pt/C catalyst in our system. The Tafel slope and
onset potential values for Pt/C catalyst were determined as 30 mV.dec™ and -19 mV,
respectively, which are comparable with the values of Ir/CeO,. Exchange current
density ‘jo’ describes the intrinsic catalytic activity of the electrode material under
equilibrium conditions and can be evaluated by assuming n is zero. The jo values of
Ir/CeO., PU/C, Ir/ZrO2 and Ir/TiO, modified GCEs are found as 2.69, 0.39, 0.32, 0.096
mA.cm?, respectively. Among them 1r/CeO; has the highest exchange current density

indicating higher reaction rate at the equilibrium potential 2

On the other hand, it was found that Ir/CeO2, Pt/C, Ir/ZrOz and Ir/TiO2 modified GCEs
produce cathodic current density (j) of -10 mA cm2atn =23 mV,n =37 mV, n=255
mV and n <500 mV, respectively. Ir/CeO2 has very low n value which is even lower
than the n  value of Pt/C. These results show that Ir/CeO> shows superior
electrocatalytic activity for HER as compared to Pt/C, Ir/ZrO, Ir/TiO2 and most of the
other reported iridium based catalysts given between entry 12 and 52 in Table 8.
Although 7.16 wt. % IrHNC (entry 1), 11 wt. % IrP.@NC(entry 2), 23.8 wt. %
Ir@CON (entry 3), 5.9 wt. % Ir/g-CaN4/NG (entry 4), 17% Ir/SINW (entry 5) exhibit
higher electrocatalytic activity than 2.44 wt. % Ir/CeO. in terms of over potential
value, Ir/CeO, has more advantages over those reported catalysts which include high
temperature (800-900°C) annealing procedures and harsh catalyst preparation
conditions containing environmentally unfriendly chemical reagents. In fact, Ir/CeO>
can be reproducibly prepared following a facile method which consists of just a simple
impregnation and reduction procedure. Moreover, herein; electrocatalytic
measurements were performed without nafion which is extensively used polymer to
attach the catalyst on GCE. Ir/CeO was attached on GCE by simple drop casting
method. This is the first binder free study including metal oxide supported Ir NPs used
for HER. Considering the high stability, facile preparation method and low iridium
loading (2.44wt. %), Ir/CeO: is a promising electrocatalyst among the reported ones

given in Table 8.
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Table 8. Literature survey of some reported HER electrocatalysts in 0.5 M H2SO4
reaction medium.

Entry ~ Catalyst n Tafel Mo VS. jo Loading Size  Stability Ref.
(mV) Slope  RHE (mA.cm?) density (nm)
(mV.dec?t)  (mV) (ng.cm?)
1 IrHNC -4.5@-10 10 - - 18 21 10000 242
cycles
2 IrP2@NC -8@-10 28 - - 700 - 1000 216
cycles
3 Ir@CON -13.6@-10 27 = 1.15 60 - 10000 217
cycles
4 Ir/g-CaN4a/ING = -22@-10 22 - - 6.7 - 2000 218
cycles
5 Ir/SINW -22@-10 20 - 0.946 ~339 2.17 13.9 248
hours
6 Ir/CeO2 -23@-10 38.7 -13 2.69 85 225+ 20000  This
0.41 cycles | work
(111 hour
during
CV)
7 IrCo NPs -24@-10 27.1 - - 285 - 5.55 219
hours
8 IrCo@NC-500 -24@-10 23 - - 285 - 10000 | 220
cycles
9 /IrO2NFs-300 -27@-50 30.1 ~0 - - - 5hours 221
(1M H2S04)
10 Ir- -26@-10 31.8 - - 1.14 - 5000 222
SA@Fe@NCN cycles
T
11 Ir NP/PC -30@-10 35 - - 57.6 0.96 + 1000 223
0.13 cycles
12 IrsAgo NTs/C = -34@-10 27.5 - - 13.3 20.9+0. 1000 224
4 cycles
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Table 8 (continued).

13 IrNi-600 35@-10 18 - - 285 - 12 hours = 225

14  3D-IrtO//N@C -35@-10 31 0 0.996 120 - 12 hours = 226

15 10% Pt/C -37@-10 30 -19 0.424 85 - - 237

16 Ir-Au-Si NCs  -38.2@-10 24 - - 58.89 - 16.6 227
hours

17 IrNiCuHCSA -41@-10 214 - - 10.0 - 20 hour = 228

18 Ir_ VG -47@-10 43 - - 50 - 1000 229
cycles

19 IrCo@NC-800 -52@-10 75 - - 285 - - 220

20 Ir/Si -59@-10 30 - - 24.92 - 1000 230
cycles

21 IrosWos@ -65@-10 48 - - 5 - 10 hours = 231

NC

22 Ir@NC -715@-10 43 - - - - 10 hours 231

23 IrO2—Fe203 -78@-10 36.2 - 0.27 125 1 um 600 232
cycles

24 IrsNissTas/Si -99@-10 35 - - 8.14 -- 1000 230
cycles

25  Rh Nanowires >-100 23 -140 - -- 2 1hour @ 205

26 Ir02-TiO2 | -107@-10 46.8 - - - - 1000 233
cycles

27  r2Si207:1r02-5 -130@-10 49 —~76 0.06 15000 - 2000 234
cube cycles

28 Ir/ZrO2 -255@-10 150 -55 3.167 85 3.15 - this

work

29 Ir/TiO2 -500< 224 -130 0.096 85 2.83 - this

work

30 r2Si20 7:1r027% -620 @-10 70 —36 3x10°3 15000 - 2000 234
0 cycles
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The stability of Ir/CeO> was also investigated in HER. It is noteworthy that herein we
used graphite rod as a counter electrode instead of Pt counter electrode by which
platinum leaching is inevitable in acidic reaction medium and the true life-time
measurement cannot be performed. Since the CV technique is generally used for the
determination of stability we performed 20000 CV cycles on Ir/CeO. (Figure 35 (a)).
Note that Ir/CeO; has -13.0 mV onset potential, -23.0 mV overpotential at 10 mA/cm?
and 38.7 mV.dec* Tafel slope value before the stability test. The results show that
there are small shifts in the onset potential (-25.0 mV), overpotential at 10mA/cm? (-
34.0 mV) and Tafel slope (40.1 mV.dec?) values after 20000 CV cycles in acidic
medium. Such shifts are commonly observed in the literature even for less number of
cycles. For example, a 5.5 mV shift at a current density of 10 mAcm™2 was observed
for Ir@CON?'" after 10 000 CV cycles in acidic conditions. It is noteworthy that the
onset potential (-25.0 mV) of Ir/CeO: is still very close to Pt/C even after 20000 CV
cycles. Taking all these results together, one can conclude that Ir/CeO2 modified GCE
possess reasonably higher electrocatalytic activity and superior stability in HER as
compared to the other reported catalysts in literature such as IrCo@NC-800%%°, Ir-Au-
Si NCs?', IrO>-Fe20:%2 and Ir@NC?%,

of (@ (b) IrGeO,
0.00 4 After 10000 cycles
754 E'J"' After 20000 cycles
I
& o -0.01
g -150 4 ;, 38.7 mv.dec”
[ 401 .dec”
g S 003 mv.dec
= -225- —
—Ir/CeD, w
I 0.04
300 after 10000 cycles 39.7 mv.dec-!
e after 20000 cycles
r T r T r 0.08 T T v r r r
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.0 0.3 0.6 0.9 1.2 1.5 1.8

Figure 35. (a) The polarization curves of Ir/CeO; at the beginning, after 10000 and
20000 cycle in 0.5 M H,SO, (20000 cycles correspond to 111 h) (b) The corresponding

Tafel plots.
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Since the turnover frequency reveals the intrinsic electrocatalytic activity of a catalyst,
the TOF values of Ir/CeQ: in acidic condition were determined according to the results
of copper underpotential deposition (Cu-UPD) method (Figure 36 (a)). The TOF
values for Ir/CeOz in 0.5 M H»SO4 at 0, 25, 50, 75 and 100 mV (vs. RHE) were
determined as 0.10, 0.28, 0.72, 1.28 and 1.95 s, respectively (Figure 36 (b)). TOF
values of 10% Pt/C were also calculated and found as 0.36 s™' and 1.18 s! at 50 mV
at 100 mV overpotential values, respectively.?®” Ir/CeO2 has relatively high TOF
values compared to the benchmark Pt/C, which indicates higher amount of H. could

be generated at the same overpotential by using Ir/CeO..

10
5.6 | (a) (b)
B4
42 |
5 B
E 234 —IriCeO, (UPD) )
3 f— IriCe0, w
E 14 e 0.40 {0 mV)
= 0.28 {26 mV)
2+ 0.72 (S0mV)
0.0 1 1.28 (75 mV)
| 1.95 (100 mV)
14 — e : : : :
01 02 03 04 05 06 07 08 0.0 0.1 02 0.3 0.4
E (V) vs. RHE n (V vs. RHE)

Figure 36. a) Linear sweep voltammograms of Ir/CeO; before and after Cu-UP in
1.0 M H2S04 and b) TOF (s1) vs n (V) graph of Ir/CeO2 in 0.5 M H2SO..

The electrocatalytic activity of Ir/CeO2 was also studied by electrochemical impedance
spectroscopy method. EIS studies were conducted at the potential from 210 mV to 250
mV with 10 mV interval in 0.5 M H.SO4 (Figure 37 (a)). Two semicircles at low and
high frequency regions can be observed from the resulting Nyquist curves which were
fitted the model which is inset of Figure 37 (a). As it is seen from the Figure, Rct
values decrease with increasing overpotential values (i.e. from 314 ohm at 17 mV vs
RHE to 32 ohm at -23 mV vs RHE) indicating increasing charge transfer kinetics.

Hu and his coworkers propose the idea that the Tafel slope could also be acquired by
using EIS measurement and the results can purely reflect the charge transfer kinetic of
the electrode reaction excluding the contribution from catalyst resistance.® Therefore,
the Tafel slope was also calculated from the overpotential vs. log (1/RcT) graph (Figure
37 (b)) and found as 40 mV.dec* which is highly consistent with the value derived
from LSV voltammogram.
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The mechanism of HER could be determined by the value of Tafel slope. If the
hydrogen adsorption on the surface of catalyst is very weak, the VVolmer step controls
the overall rate and for this case the Tafel slope is found as ~120 mV.dec 2. If the
adsorption of hydrogen is very strong, then the desorption of hydrogen (Tafel or
Heyrovsky reactions) controls the overall rate.?*® According to the population of
adsorbed hydrogen (Hags) on the catalyst surface, Tafel or Heyrovsky mechanism will
determine the rate of hydrogen evolution. The Tafel mechanism can be rate
determining step (rds) when the Hags population are high, in which two adjacent
adsorbed hydrogen atoms combine and produce H> gas. In this situation, the Tafel
slope is found as ~ 30 mV.dec™.

If the Hads population is low on the surface of catalyst, the proton in the environment
will attack to Hags and generate hydrogen gas. For this case, Heyrovsky reaction is rds
and Tafel slope is equal to ~40 mV dec*.2* The strong tendency to form a chemical
bond between Ir and H would hinder hydrogen desorption and decreases the reaction
rate of HER.2% As mentioned before, the Tafel slope of the Ir/CeQ is in the range of
38.7 — 40.0 mV dec* which confirms that Volmer-Heyrovsky reaction mechanism is
preferable for the HER with Ir/CeO2 and the electrochemical reaction of Hags and HzO"

to form hydrogen and its desorption is the rate-determining step.

200

cr, @) [(b)

150 + Rs

100 4

_ZII ( n)

—210mV vs Ag/AgCI
— 220mV vs Ag/AgCl
—230mV vs Ag/AgCI
—240MV vs Ag/AgCI
— 250mV vs Ag/AgCI

50 4
Tafel slope: 40 mV.dec”|

0 50 100 150 200 250 300 350 2.6 -24 22 20 1.8 -1.6 1.4
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Figure 37. a) The Nyquist plots of Ir/CeQO> at different overpotentials and b) Tafel
plot obtained using Rct from the EIS.
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Other important parameter that affects the activity is the double layer capacitance
(CpoL). The values of CpL were found as 0.651 mF and 0.671 mF from the non- faradic
region of CV curves (Figure 38) and the EIS measurement at the onset potential,
respectively. ECSA values were calculated as 16.275 and 16.775 cm? by using these
Co. values obtained from CV and EIS, respectively.

0144 (@
( ) 0.06 4 (b)
0.07 4 0.05 4
—
t\ll —
g 0.00- E LLLA
< % 0.03- Cy.=0.651 mF|
£ 0071 — 0 mvis
: 20 MVis 0.02 4
— 40 mViis
-0.14 4 —— 60 mis 0.014
— B0 mVis
(0 MV/s
-0.21 v T T T 0.00 T T T T T
044 046 048 050 0.52 0.54 0.56 0.00 0.02 0.04 0.06 0.08 0.10
E ( V vs. Ag/AgCl) scan rate (mV/s)

Figure 38. (a) Multi CV experiment for determination of Cp_ at different scan rates
in 0.5 M H2SO4 and (b) capacitive current at 0.50 V (vs Ag/AgCl) versus scan rates
for Ir/CeO..

The electrocatalytic activity of Ir/CeO> was also performed in both basic and neutral

media (Figure 39). The results show that Ir/CeO; is more efficient in acidic medium.

0+
—
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e /J_J = pH 0.3
-3004 § s pH 7.0

o pH 14.0

4004

AA41 400 05 098 023
E (V va. RHE)

J (mA.cm™?)

J (mA.em?)

-500

1.41 -1.00 -0.59 0.18 0.23
E (V vs. RHE)

Figure 39. LSV curves of Ir/CeO2 in 0.5 M H>SO4 solution (pH= 0.3), buffer solution
(disodium hydrogen phosphate/ potassium dihydrogen phosphate, pH= 7.0) and 1M
KOH solution (pH= 14.0) (Inset Figure: The magnified image at lower current density
for basic and neutral medium)
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Further electrocatalytic tests for Ir/CeO> was also performed at different reaction
temperatures (Figure 40). The activation energy for the Ir/CeO2 was obtained from the
polarization curves taken at different temperatures ranging from 293 to 323 K in 0.5
M H2SOg4. Tafel curves of Ir/CeO, were derived from their corresponding LSV curves
and shown in Figure 40 (a). As the temperature increases, the activity of Ir/CeO-
increases for HER, i.e., decreasing overpotentials and enhancing current densities.
Apparent thermal activation energy (AG®) can be calculated from the slope of the log
jo vs. 1/T plot.?*® By using the jo values at different temperatures, corresponding
Arrhenius plot in Figure 40 (b) was obtained and AG® was calculated as 1.94 kJ/mol
which indicates that Ir/CeO> has a smaller thermal activation energy than most of the
catalysts in literature such as Ir/SINW?*8, Rh-Au-SiNW-2 2% and Pt(111)/TiO2?%.

0.02 0.05
(a) (b)
-~ 0.00 4 . 0.04 |Ogj =0.35-101.41/T
= % r=-0.99
@ ;
3 —_— ¢ 0.03-
‘9 -0.02 — 293 K E
— 298 K| ~—
?:" — 303 K| :_ 0.024
=308 K .
004 TS0, _8’
—318 K
323K 0.01
-0.06 = . . . . . .
) e 0.8 1.2 30 3.1 3.2 33 34
log 1j1{mA.cm?) 1/T (x10°K™)

Figure 40. (a) Tafel curves of the Ir/CeO- catalyst at different temperatures in 0.5 M
H>SO4 and (b) corresponding Arrhenius plot.

The Faradaic efficiency during hydrogen production was also determined using
Ir/CeO2 modified GCE. Constant potential was applied to system and the amount of
gas measured by controlled potential coulometry method. The experimentally
produced gas volume and the theoretical volume of H, gas were compared at 1.2 V vs.
Ag wire (which is equal to 172 mA.cm in Hoffmann cell). For this test, a current
density of 172mA cm 2 and 71 mA cm™ (0.8 V vs. Ag wire) were applied to the
system and the amount of generated H> gas was calculated at different times. Finally,
Faradaic efficiency was obtained by comparing the theoretical and experimental
results. As it is seen in the volume of generated H> vs. time plots shown in Figure 41,
the experimental volume of gas is so close to theoretical volume and faradaic

efficiency is about 90.9%.
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Figure 41. Generated H, volume versus time graph for Ir/CeO, during the electrolysis
of water in 0.5 M H SO, . Theoretical value was obtained from ideal gas equation and

Faraday’s relation.

3.1.2.5. Outlook of the synthesis, characterization and electrochemical studies of

Ir/CeO2

Ir based catalysts including Ir/TiOz, Ir/ZrO, and Ir/CeO2 were successfully prepared
and tested for HER in acidic media. Among these catalysts, Ir/CeO2 has been found
very efficient in this reaction. Electrochemical tests were performed without using any
binder such as nafion®*? and graphene. Ir/CeO; provides -13 mV onset potential, -23
mV overpotential at 10 mA.cm?2, 2.69 mA.cm exchange current density and 38.7
mV.dec? Tafel slope values which were better than the ones obtained for Ir/TiO2 and
Ir/ZrO2. Ir/CeO2 shows higher intrinsic electrocatalytic activity (TOF= 1.95 s at 100
mV) and stability than that of commercial Pt/C (TOF= 1.18 s at 100 mV).?" The
electrocatalytic stability test shows that Ir/CeQO, exhibits an outstanding stability for
HER in 0.5 M H2SO4 even after 20000 CV cycles. The Tafel slopes determined before
and after stability test are found to be nearly the same. Considering the high stability,
facile preparation method and low iridium loading (2.44 wt. %), binder free Ir/CeO2 is

a promising electrocatalyst for hydrogen evolution from water splitting.

77



3.1.3.Electrocatalytic activity of CoNPs supported on MO:2

3.1.3.1. Effect of metal oxides on the performance of Co catalysts

As with Rh and Ir, ceria shows better performance as a supporting material for Co in
the hydrogen evolution reaction. As summarized in Table 9, when the loading densities
were kept as 85.7 pg.cm, Co/CeO, performed better than Co/TiO2 and Co/ZrO;
(Figure 42), however, its performance remained lower than iridium and rhodium
derivatives with its 384 mV vs. RHE onset potential, -432.6 mV overpotential, 188

mV.dec? Tafel slope and 0.0034 mA.cm exchange current density values.
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Figure 42. Polarization curves of the Co containing catalysts in 0.5 M H2SO4

Table 9. Onset potential, overpotential, Tafel slope and exchange current density values of Co
containing catalysts with different supporting materials.

Loading n, ] Tafel Slope iy
Catalyst Density (mVvs. RHE) ~ (MV@-10 (mV.dec™) (mA.cm?)
(ng.cm?) mA.cm?)
Co/CeO; 85.7 -384 -432.6 188.0 0.0034
Co/ZrO; 85.7 -526 -736.3 279.0 0.0032
ColTiOy 85.7 -506 -589.0 210.0 0.0013
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3.1.3.2. Characterization of Co/CeQO2

The particle size distribution of Co NPs in Co/CeO2was investigated by TEM analyses
and shown in Figure.43 (a) and (b). The mean particle size of highly dispersed Co NPs
were found as 2.8 + 0.4 nm (Figure 43 (c)). The content of the Co/CeQ catalysts was
confirmed by TEM-EDX (Figure 43 (d)), and the existence of Co, Ce, and O were

proven.
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Figure 43. aand b)TEM images, c) particle size histogram and d)TEM-EDX spectra
of Co/CeO:a.
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The crystal structures of bare cerium oxide and the Co/CeO2 were investigated by
XRD. Figure 44 shows the XRD patterns of Co/CeQO2, and CeOs. In Figure 44 (b), the
miller indices were indicated onto diffraction peaks. The XRD pattern of the Co/CeO>
and CeO- show that the crystal structure of CeO2 nanoparticles is face-centered cubic
and the high-intensity peaks are in good agreement with the JCPDS file No: 81-
0792.2%8 According to the XRD patterns of Co/CeO; and CeO;, due to the low cobalt
loading, there is no signal indicating the Co NPs. The crystallinity of CeO, does not

change after the impregnation of cobalt nanoparticles.
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Figure 44. XRD patterns of Co/CeO- and bare cerium oxide.
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3.1.3.3. Electrochemical studies of Co/CeO2

Although Co/CeO: showed better activity than Co/ZrO; and Co/TiOz, it was observed
that it could not maintain this activity. Co/CeO: lost its activity to a large extent even
in the 2" and 3™ LSV measurements taken consecutively (Figure 45). The reason of
this activity loss could be explained via corrosion or dissolution of non-noble metal
electrocatalysts under strong acidic conditions.?%24° Moreover that non-noble metal
electrocatalysts tend to aggregate into larger particles during catalytic cycling.?! In
addition that, as shown in volcano curve at Chapter 1, inappropriate hydrogen
adsorption energies of cobalt might be a reason of low catalytic activity and stability.
Low AGn* value of Co slows down the hydrogen releasing step due to strong hydrogen

bonding energy.
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Figure 45. Consecutive LSV measurements of Co/CeO; in H.SO4 towards HER.
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3.1.4. Conclusions about the performance of group 9B transition metal
catalysts towards hydrogen evolution reaction

Since the experimental results so far obtained indicated that CeO: is better support
material as compared to ZrO> and TiO-, the electrocatalytic activity of CeO> supported
metal nanoparticles towards HER are compared in terms of their onset potentials, Tafel

slopes, exchange current densities, overpotential values and TOF values in Table 10.

Table 10. Tafel slopes, exchange current densities, overpotential values and TOF
values of M/CeO, (M: Rh, Ir, Co) catalysts and commercial 10 % Pt/C catalyst.

Tafel Jo n, Vs. Nw stability TOF
Slope (MAcm?  RHE (MV) at
(mV.dec™?) (mV) -100 mV vs. RHE
(s
Rh/CeO; 34.0 0.527 -25.0 -42.0 10000 1.56
cycles
Ir/CeO; 38.7 2.69 -13.0 -23.0 20000 1.95
cycles
Col/CeO:; 188.0 0.0034 -384.0 -432.6 - -
Pt/C 30.0 0.424 -19.0 37.0 1000 1.18
cycles

Inspection of Table 10 reveals that when the activity and stability of the metals are
compared considering their onset potentials, overpotentials, exchange current densities
and TOF values, it has been observed that iridium shows better performance in hydrogen

evolution reactions.

Adsorption energy is one of the most important factors affecting the mechanism as well
as the activity of electrocatalyst used for the HER during water splitting.?*? As described
before, according to the Sabatier’s principle, neither too high (slow adsorption) nor too
low (slow desorption) adsorption energy should be preferred for an ideal catalyst.?*® To
obtain optimum intermediate bond strength, Gibbs free energy of adsorbed hydrogen
atom should be close to zero (AGn= 0).24* The Volcano plot illustrating the principle of
Sabatier predicts the catalyst activity at onset potential vs. AGn in HER.?*® Pt which is
on the top of the Volcano curve with a near zero AGn value (-0.09 eV) has been widely
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used for decades as an electrocatalyst for HER.?*® Ir, on the other hand, has Gibbs free
adsorption energy of 0.03 eV which is even closer to zero than Pt in the Volcano
plot.?4:32 Considering the volcano plot group 9b elements Rh and Ir were used as electro
active metals catalyst with low AG values similar to Pt. Iridium and rhodium, on the
other hand, have high cost and scarcity problems as well as stronger tendency to
aggregation due to the higher atomization enthalpies (AHat,r=669.4 kJ.mol™* AHatrn =
556.5 kJ.moltat25°C).248249 Therefore, the use of supporting materials becomes crucial
in order to maximize the active surface area while decreasing the amount of metal

utilized.

In fact, the formation of highly dispersed metal nanoparticles on the oxide surfaces such
as cerium, 9237250 zjrconium?! and titanium?? oxides is thought to be a potential
technique for producing an efficient electrocatalyst. In this regard, the choice of
supporting material to stabilize iridium nanoparticles can dramatically affect the activity
and stability of the electrocatalyst. Furthermore, it is well known that the metal-support
interaction plays an important role in improving HER activity.!*® CeO; as a supporting
material for the metal nanoparticles has attracted a great attention in electrocatalytic
application.?>® The use of ceria in catalysis relies on the beneficial effect of noble metal-
ceria interactions.?* In addition, the redox behavior of CeO; in which Ce** and Ce®** can
easily be formed under oxidizing and reducing conditions can enhance the efficiency of
metal nanoparticles.?>® Ceria also affects the catalyst performance by improving the
dispersion of metal nanoparticles,?® increasing the thermal stability of the support, 25
promoting the noble metal reduction-oxidation.'® With all these properties, CeO;
maintains smaller iridium nanoparticles and resists particle aggregation better than most
of the metal oxides, i.e: ZrO2, TiO2.% Notably, thermodynamic AGn- is not the only
descriptor for HER activity trend, kinetic barrier is another important factor in
determining the intrinsic HER activity of the electrocatalysts.?®® The presence of
morphological defects such as oxygen vacancies has a beneficial effect on the reaction,
lowering the barriers or stabilizing key intermediates.?®® The abundant oxygen vacancies
in the ceria containing catalysts weaken H adsorption toward the optimum region and

generating superior HER activity by facilitating water dissociation. 8- 26!
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3.2. Electrocatalytic activity of MOz (M= Ti, Zr, Ce) supported rhodium,

iridium and cobalt nanoparticles towards oxygen evolution reaction

Oxygen evolution reaction in acidic environment has been studied, but as stated in the
literature, the catalysts were not found to be active in acid, since dissolution was
observed in noble metals after certain potentials. 262-2%* For this reason, OER studies
were performed in 1.0 M KOH.

3.2.1. Electrocatalytic activity of Co NPs supported on MO:2

3.2.1.1. Effect of metal oxides on the performance of 4.0 % wt Co NPs catalysts

In this part of the study, the electrocatalytic activity of Co NPs toward OER were
investigated. Three supporting metal oxides were used to prevent agglomeration and
some effects on the electrocatalytic behavior of Co NPs were expected due to different
physicochemical features of metal oxides. Inspection of our results (Figure 46)
revealed a slight impact of CeO2, ZrO, and TiOz on the electrocatalytic behavior (i.e
Tafel slope, onset potential, over potential exchange current density), besides
preventing agglomeration. However, the slight differences were found on the side of
CeO- support (i.e. slightly lower Tafel slope, lower onset and oxidation potential and
higher exchange current density). This slightly better performance of CeO> supported
catalyst can be attributed to more favorable substrate—metal interaction via Ce(lll)
defects. These defects cause excess negative charge on the oxide surface and enhance

the interaction between the metal and substrate. % 92265
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Figure 46. a) LSV curves of bare GCE, C0304, metal oxides (TiO2, ZrO., and Ce0>),
Co/TiO2, Co/ZrO,, and Co/CeO,, and b) corresponding Tafel plots.

Table 11. Tafel slope, onset potential, overpotential, and exchange current density of
synthesized catalysts and commercial CozOa.

Catalysts

Co/TiO;
Co/ZrO»
Co/Ce0O>

Co0304

Tafel slope

(mV.dec?)

67.9
70.8
65.0

77.0

85

Mo
(Vvs.

RHE)

1.594
1.577
1.575

1.655

Nio

(Vvs. RHE)

0.390
0.373
0.365

0.455

Jo(10)

(mA.cm?)

2.27
6.12
7.67

1.49



3.2.1.2. Characterization of Co/TiO2, Co/ZrO2, Co/CeO2

Highly dispersed cobalt nanoparticles with a uniform particle size were formed on

TiO2, ZrO., and CeO>. The particle size distribution of Co NPs was investigated by
TEM analyses and shown in Figure 47 (a)- Co/TiO2, 47 (d)- Co/ZrO;, and 47 (f)-
Co/Ce0>. The content of the Co/MO2 (M= Ti, Zr, Ce) catalysts was confirmed by
TEM-EDX (Figure 47 (b), (d), and (h)), and the existence of Co, Ti, Zr, Ce, and O
were proven. The mean particle size of highly dispersed Co NPs were found as 2.8 +
0.4 nm (Figure 47.(c)), 2.6 £ 0.2 nm (Figure 47 (f)), and as 2.4 + 0.2 nm (Figure 47
(1)) for Co/TiO2, Co/ZrO, and Co/CeOy, respectively.
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Figure 47. TEM images, TEM-EDX spectra and particle size histograms of a,b, and
c) Co/TiOo, d,e, and f) Co/ZrO; and g,h, and i) Co/CeO-
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The crystal structures of bare metal oxides and the cobalt-containing metal oxides
(three catalysts and three supporting materials) were investigated by X-ray diffraction
(XRD). Figure 48 shows the XRD patterns of Co/TiO2, TiOz, Co/ZrOz, ZrOg,
Co/Ce0O,, and CeOs.. In Figure 48 (a) and (b), the miller indices were indicated onto
diffraction peaks. All these peaks confirmed that titania in the Co/TiO> catalyst was in
the anatase phase. (Joint Committee on Powder Diffraction Standards (JCPDS) no.
1271)%%%, As shown in Figures 48 (c) and (d), diffraction peaks match the pure
monoclinic phase of zirconia (JCPDS card no. 37-1484)?%’. The XRD pattern of the
Co/Ce0O> and CeO2 were depicted in Figure 48 (e)-(f) and shows that the crystal
structure of CeO. nanoparticles is face-centered cubic and the high-intensity peaks are
in good agreement with the JCPDS file No: 81-0792. 2 According to the XRD
patterns of Co/MO2 and MO», due to the low cobalt loading, there is no signal
indicating the Co NPs. The crystallinity of MO> does not change after the impregnation
of cobalt nanoparticles.
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Figure 48. XRD patterns of Co/MO> and bare metal oxides.
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3.2.1.3. Electrochemical studies of Co/TiO2, Co/ZrO2, Co/CeO2

The electrochemical characteristics of the Co/TiO2, Co/ZrO,, and Co/CeO, were
examined using a three-electrode cell in 1 M KOH solution at room temperature. The
OER activity was determined via LSV at a 20 mV/s scan rate. At the scan rate lower
than 20 mV/s, the catalyst surface blockage occurs by the evolved O2 gas bubbles,
which decreases the mass transfer capability. The resulting voltammograms of as-
synthesized all three cobalt catalysts are represented in Figure 49 (a) together with the
polarization curves of commercial CosO4, bare GCE, and bare metal oxides (TiOz,
ZrOz, and CeO>) for comparison. As could be understood from Figure 49 (a) and (b),
bare GCE and bare metal oxides exhibit no activity, and the synthesized catalysts show
high activity towards OER. The order of activity of catalysts can be represented as
Co/CeO; > Co/ZrO2 > Col/TiO2 > Co0304 according to Tafel slopes which are 65.0,
67.9, 70.8, and 77.0 mV.dec™, respectively.
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Figure 49.a) LSV curves of bare GCE, C030s, metal oxides (TiO2, ZrO2, and CeOy),
Co/TiO2, Co/ZrO,, and Co/CeO2, and b) corresponding Tafel plots.
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The activity of Co/CeO2, Co/ZrO,, and Co/TiO, are comparable with the reported
electrocatalysts listed in Table 12, such as Fe30s-C03Ss NS (entry 7), C0z04/CeO>
NHs (Entry 9), CoP-based nanoneedle arrays on carbon cloth (entry 11),
NiC0204/Ti4O7 (entry 14), Co9S8@NOSC-900 (entry 18), Co/Ce-Ni3S2/NF (entry
24). Although Cuo.3Co027P/NC (entry 1), CoCr204/CNS (entry 3), Fes0s@C09Ss/rGO-
2 (entry 6), Fes04-C03Ss NS (entry 7), CoP hollow polyhedrons (entry 8) show better
electrocatalytic activity in terms of Tafel slope and overpotential values, they have
disadvantages considering their catalysts preparation methods. During the synthesis of
Co/MOg, there is no need to follow harsh techniques such as calcination at very high
temperature (400-600 °C), carbonization (800-900 °C), phosphidation (300 °C)
pyrolization, solvothermal treatment (600 °C) or annealing (300- 600°C). An
environmentally friendly and easy synthesis procedure requiring no high temperature
is always preferred regarding the manufacturing process requirements and the
environmental issues. Following a facile preparation method, including just simple
impregnation and reduction steps at room temperature, Co/MO2 (M= TiO2, ZrO,, and
CeOy) could be reproducibly synthesized and show excellent activity for OER.

Because the oxygen evolution reaction is highly irreversible, jo can hardly be
determined from charge transfer resistance and found by extrapolating the Tafel
line.’>® The high value of jo indicates that the initiation of reaction is easier. Co/CeO>
shows excellent jo with the value of 7.67x10° mA.cm, which is higher than the
Cuo3C027P/NC (Entryl, jo= 0.263x107°). Although Cuo3C027P/NC exhibits a low
Tafel slope and overpotential, its exchange current density is 26.6 times lower than our
catalyst. Pt catalysts also have 10° mA.cm™ exchange current density for OER.2%
Thus, Co/MO: catalysts can be an excellent alternative to Pt with the non-noble metal

content.
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Table 12. Various Co based OER electrocatalysts reported in 1.0 M KOH.

Entry

10

11

12

13
14
15

16

17
18
19
20

21

Catalysts

Cuo.3C027P/NC
NiCo cages
CoCr204/CNS
Co2P/NPCNT
a-CosFe(OH)x NS
Fes04@CogSs/rGO-2

Fe304-C03Ss NS

CoP hollow
polyhedrons
C0304/Ce02 NHs
C030:@C-MWCNTSs
CoP-based nanoneedle

arrays on carbon cloth

Co/Ce0O2

NiC02S4
NiC0204/Ti407
Ce02/Co(OH)2 HCs

ColTiO2

CNTs-Au@Co304
Co09Ss@NOSC-900 °C
Ce02(111)/C0304(110)
Co-MOF@CNTs

Ce02-C0304/CF

particle size

(nm)

500

400
5-15

55

25
350-500

100-200

700

6.2

3-15nm

24

100-150
200-300
18.6

2.8

3.86
2-6
150
20-50

100

Loading

density

(ng.cm?)

400

750
280
250

672

102

325

3300

107

70

5000

297

90

b
(mV.dec?)

(LSV)

44.0
50

51.0
53.0
52.0
54.5

56.0

57.0

60.0
62.0

62.0

65.0

64.0
64.0
66.0

67.9

68.0
68.0
68.1
69.0

70.0

no
(V vs.

RHE)

1.470
1.500
1.490
~1.480

1.460

1.530

~1.450

1.500

1.575

1.450

1.650

1.594

1.560
1.400
~1.480

1.510

n:o

(V vs.

RHE)
0.190
0.380
0.326
0.370
0.295
0.320

0.270

0.400

0.270
0.320

0.281

0.365

0.337
0.398
0.410

0.390

0.350
0.340
0.265
0.34

0.103

ref.

269

270

271

272

273

274

275

276

277

278

279

This
work

280

281

282

This

work

283

284

285

286

287



Table 12 (continued).

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Co/ZrO2

N-CG-CoO
Co/Ce-Ni3S2/NF
CP/CTs/Co-S
CoMo-H
SrNbo.1Co0.7F€0.203-5
CMO@CNTSs
Ag-NW@o-Co(OH):2
NS

Ni foam-supported N-
CNT@Co0304

CuCo2S4 NS
Zn-CoSez NS
CoTe2@N-GC
Ni2.30-C0S2/CC
CeOx/NiCo02S4/CC

Coo.5FeosS@N-MC

2.6

10-30

28

300

4.4

80-100

8-15

<100

10-30

50-100

20-40

107

2000

320

500

100

1200

700

1000

970

4000

100

70.8

71.0

71.7

72.0

75.0

76.0

81.1

82.5

84.0

86.0

88.0

90.0

119.0

126

159.0

1.577

1.300

~1.500

1.490

2.558

1.450

1.470

1.430

1.340

1.450

~1.570

0.373

~0.34
0.29@20
0.306
0.312
0.420
0.27

0.320

0.310

0.310
0.356
0.300
0.270
0.270

0.41

This
work

288

289

290

291

292

293

273

294

295

296

297

298

299

300

EIS measurements at controlled potentials are essential for understanding the
mechanism of the OER. A series of EIS spectra for Co/TiO2, Co/ZrO2, and Co/CeO>
recorded in the direction of increasing potential (650 to 700 mV vs. Hg/HgO) and

resulting Nyquist plots are shown in Figure 50 (a), (c), and (e). The semicircles at low

frequency region of the Nyquist plots, arises from the charge transfer resistance and

are potential dependent. On the other hand, the semicircles at high frequency region

(left semicircles) are potential independent and might be observed due to adsorbed

species on GCEs or surface porosity®®. The impedance results were fitted the

equivalence circuit model depicted in chapter 1. In this circuit, uncompensated

solution resistance and charge transfer resistance (Rct) were represented as Rs and Ry,

respectively.
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Constant phase element-1 (CPE1) represents the double layer capacitance (Cpr) and is
applied due to the dispersion of capacitance frequency at the electrode/electrolyte
interface. The resistance R> and the constant phase element-2 (CPE>) symbolize the
surface coverage relaxation of adsorbed intermediate in the mechanism of oxygen

evolution reaction. %1

The Rcr is a total charge resistance for the overall rate of OER, and it decreases with
the increasing potential, which means electron transfer kinetic increases when the
applied potential increases. The basis of finding the Tafel slope is the steady-state
polarization technique, and the logarithmic form of the applied potential and steady-
state anodic current are used. The slope of log (1/RcT) vs. overpotential graph gives
the EIS Tafel slope. As seen in the Figure 50 (b), (d), and (e), for the Co/TiO2, Co/ZrOa,
and Co/CeO,, Tafel slopes were found as 70.12, 71.56, and 68.02 mV.dec?,
respectively. These results are consistent with the values of 67.9, 70.8, and 65.0
mV.dec? obtained from the polarization curves. The EIS measurements of CosO4 were
also studied (Appendix Figure C6) and Tafel slope of Co304 was found as 83.51
mV.dec? from EIS. At the given potentials, there are little differences in the Tafel
slopes, suggesting that similar intermediates and charging processes are involved in
the rds of these catalysts. In the Bode plots given in Figure C7, single peaks between
100 MHz and 100 Hz were monitored, the peaks suggests that the formation of
chemical intermediates dominate the OER mechanism.3%2

92



400

et 700mV vs Hg/HgO (a) {b) 4370
3509 f=e=690mV vs Hg/HgO
jmes 30mV vs Hg/HgO|
300+ [===670mV vs Hg/HgO)| 4360
jt==660MV vs Hg/HgO 3
__ 2504 =+=650mV vs Hg/HgO ‘é‘
a {350 =
— 200+ <
H »
N ] 4340 :
150 g
1004 - 4330 M
50+ |Tafel slope: 70.12 mV.dec”'|
o {320
0 100 200 300 400 500 28 26 24 22 20 -8
Z(Q) log (1 /Ret)
160
je== 700mV vs Hg/HgO (c) (d) 4370
140 4 =*=630mV vs Ha/HgO
e G80mMV vs Hg/HgO
120 4 =w=670mV vs Hg/HgO 4360
=== G60mMV vs Hg/HgO
100 - +GSDmV vs HgfHgO =
_ 130 §
a 80 + p
= 60- 4340 ¢
N 60 .
I
40 ~ . m
Tafel slope: 71.56 mV.dec'}j330 =~
20 4
ol {320
0 50 100 150 200 250 -24 -23 -22 -21 -20 1.9 1.8 -1.7 1.6
-Z(Q) log (1/Rct)
160
= 700mVY vs Hg/HgO o
1404 =#=690mV vs Hg/HgO (€ () S
= 680MV vs Hg/HQO
1204 =*=670mV vs Hg/HgO 4 360
| GE0MV vs Hg/HgO =
—~ 4004 ===650mV vs Hg/HgO -
o] {350 32
= 80 <
S <
N @
60 {340 o
I
40+ Ly
4330
204 - 4
Tafel slope: 68.02 mV.dec™]
0l - {320
0 50 100 150 200 250 23 22 21 -20 19 18 1.7 1.6 1.5

Z(Q) log (1 /R¢t)

Figure 50. EIS measurement of a) Co/TiO., ¢) Co/ZrO, and e) Co/CeO; at a potential
range between 650mV and 700 mV vs. Hg/HgO and b, c, and f) corresponding Tafel
plots.
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Another essential parameter to evaluate the catalyst activity is ECSA which is directly
related to the particle size of the catalysts. The high ECSA value may result from the
small particle size.3*3 ECSA was estimated by the division of double-layer capacitance
(could be found via CV or EIS) to the specific capacitance (Cs). Cs describes the ideal
flat surface capacitance of the catalyst and different Cs values have been used in
literature, such as 0.022, 0.04, and 0.130 mF.cm in alkaline media.>** 40 uF.cm™ was
chosen as Cs in this thesis. CpL was firstly found from the CV experiment, the non-
faradic region was determined as 0.17- 0.37 V vs. Hg/HgO. A plot of the anodic current
as a function of scan rate yields a straight line and slope of this line equal to Cp.. The
representative multi CV experiments were given in Figure 51 (a), (c), and (e) for
Col/TiO2, Co/ZrO., and Co/CeOq, respectively and Appendix Figure C9 (a) for
commercial CosO4 catalyst. The CpL measured from the scan-rate dependent CVs for
the Co/Ti02, Co/ZrO,, Co/CeO., and Co304 catalysts are 0.225, 0.317, 0.446 mF, and
0.048 mF as represented in Figure 51 (b), (d), (f) and Appendix Figure C9 (b). For
ColTiO2, Co/ZrO2, and Co/CeO;, catalysts, ECSA values were found as 5.62, 7.92, and
11.15 cm?, respectively. For the Co/MO: catalysts, the active sites are only located on
the cobalt nanoparticles. The increasing values of Cp indicates the increasing number
of electro-active cites which is in accordance with the decreasing average particle sizes
of Co NPs obtained from TEM results (i.e. 2.84 = 0.4 nm, 2.62 = 0.2 nm and 2.42 +
0.2 nm for Co/TiO2, Co/ZrO,, and Co/CeO, respectively). The highest activity,
especially in terms of exchange current density, of Co/CeO> could be attributed to
higher ECSA value and lowest activity of Co3O4 arise from the lowest ECSA (1.2
cm?). Cp. values calculated from the highest point of the Nyquist curves at
overpotentials require to reach 10 mA.cm also support the trends in the ECSA from
CVs for Co/TiOz, Co/ZrO2, and Co/CeO: (Appendix Figure C. 8 and Table 13).

Table 13. Calculated double layer capacitance and ECSA values of Co/TiO2, Co/ZrOg,
Co/Ce02, and Co304 from the EIS and CV measurements

catalysts CoL from EIS at CoL from CV ECSA from EIS ECSA from CV
690 mV (mF) cm? cm?
(mF)
Co/Ce02 0.414 0.446 10.35 11.15
Co/ZrO: 0.274 0.317 6.85 7.93
Co/TiO2 0.180 0.225 4.50 5.63
Co304 0.044 0.048 1.10 1.20
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Figure 51. Representative multi-scan CV experiments for a) Co/TiO», ¢) Co/ZrO», e)
Co/CeO, at different scan rates (10, 20, 40, 60, 80, and 100 mV/s ) for CpL
determination in 1.0 M KOH; b,d,f) corresponding capacitive current versus scan rate
plots at 0.27 V (vs. Hg/HgO) for Co/TiO2, Co/ZrO2, and Co/CeOy, respectively.
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To further evaluate the intrinsic activity of Co/TiO2, Co/ZrO,, and Co/CeO: catalysts,
TOF values were calculated, and the results are given in Figure 52. The required
overpotentials of Co/TiO2, Co/ZrO., and Co/CeO: to reach the same TOF value
(0.0063 s) are 361, 353, and 349 mV, respectively. All these values are lower than
the overpotential for the commercial CosO4 catalyst (419 mV) for the 0.0063 s, which
may be attributed to the small particle size of Co NPs on the metal oxides. The smaller
particle sizes provide more electroactive sites, and TOF may increase with the
decreasing particle size. Among our catalyst and commercial Coz04, Co/CeO- has the
highest TOF value at the same overpotential with 2.4 + 0.2 nm particle size and 11.15
cm? ECSA. Moreover, TOF values of Co/MO2 (M: Ce, Ti, and Zr) summarized in
Table 14 are comparable to the reported catalysts such as Ag NW@Co NSz (0.016s
lat n_ = 300mV),2® Co-NS (0.003st at n = 300mV), 3% NiCo-LDH (0.002 s at
=419mV), 3% Au@Co304 (0.015 s at n= 350mV), **” 20% wt. Pt/C (0.0053 s at n =
350 mV)3%® and Fe-Co30.@Fe—Co-Bi/CC (0.14 s'@ 400 mV) 3%, Considering the
TOF values, the OER performance of Co/TiO2, Co/ZrO., and Co/CeO; is promising

as compared to the performance of reported Co containing catalysts.

Table 14. TOF values of Co/TiO2, Co/ZrO2, Co/CeO,, and commercial Cos04 at
different overpotentials and current densities.

catalyst current density TOF overpotential
(mA.cm?) st mV vs. RHE
5 0.0063 361
10 0.014 385
Co/TiO2 50 0.065 442
77 0.1 469
153 0.2 561
5 0.0063 353
10 0.014 371
Co/ZrO2 50 0.065 431
7 0.1 458
153 0.2 526
5 0.0063 349
10 0.014 369
Co/CeO2 50 0.065 409
7 0.1 417
153 0.2 453
5 0.0063 419
10 0.014 445
C0304 50 0.065 555
7 0.1 645
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Figure 52. TOF values of Co/TiO2, Co/ZrO,, Co/CeO2, and commercial CozO;4 at
different overpotentials.

Stability is an important parameter while evaluating the OER performance of the
catalysts. The stability tests of Co/MO: catalysts and commercial Co3Os were
performed employing chronopotentiometry measurements (insets of Figure 53). The
constant current (0.7 mA) was applied to all three catalysts during 10800 s. LSVs of
Co/TiOz, Co/ZrO,, and Co/CeO2 were taken before and after stability measurements
and shown in Figure 53 a-c, respectively. Moreover that durability of commercial
Co0304 catalyst was also performed for 1 h and LSV curves taken before and after
stability test were given in Appendix Figure A13. As seen in Figure 53 (a), (b), and
(c), there is a noticeable electrocatalytic activity loss for Co/TiO2 and Co/ZrO> while
the Co/CeO: keeps its electrocatalytic activity during the 3 hours stability test. The
reason of higher stability of Co/CeO> than the other catalysts might be the better metal
support interaction and large amount of oxygen vacancy provided by CeO, 310 313
There is a small change in the onset potential and the overpotentials required to achieve
10 mA.cm™ (35 mV shift) and the calculated Tafel slopes remain nearly same for
Co/CeO; (only increased by 3.3 mV.dec™) after 3 hours stability measurement. On the
other hand, Co/ZrOz shows better performance than Co/TiO3, the anodic shifts of the
onset potentials are 40 and 50 mV, the overpotential shifts are 50 and 62 mV and the
changes of theTafel slopes are 11.5 and 21.5 mV.dec? for Co/ZrOz and Co/TiOz,
respectively.
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The decrease in the performance of the catalysts could be resulted from the
accumulation of bubbles on the surface of the electrode. The bubbles causes the surface
blockage and the electrical resistance increase with the formation of the dead area
which consequently deteriorate the catalytic activity.3'* Note that although there is no
loss of catalytic activity in the first hour period for the Co/MO: catalysts, the
overpotential of commercial CosO4at 10 mA.cm?shifted 26.0 mV, and the Tafel slope
increases by 12.0 mV.dec? after the one hour stability test (Appendix Figure C10).
These activity differences after stability measurements show that the usage of
supporting materials contributes to the durability of the material on the basis of metal
support interaction. The stabilities of Co/MO; catalysts are comparable with the
literature, such as CoWO4'®, Co304/CNW3® and Ni—Cu nanoclusters on

TiO2 nanoparticles®!’.
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Figure 53. The polarization curves of a) Co/TiO2 b) Co/ZrOz and c) Co/CeO: at the
beginning and after 3-hour chronopotentiometry experiment (inset Figure) at 10
mA.cm?in 1.0 M KOH.
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The electrochemical OER activity was further studied at various temperatures. Figure
54 (a), (c), and (e) compile Tafel analyses of the catalysts at 304, 309, 314, 319, 324,
and 329 K in 1.0 M KOH. At the same potential value, the current increases with the
increasing temperature due to increasing migration rate of current carrying ions in the
lower viscous medium. As shown in the Figures mentioned above, there is a linear
relationship between log |j| vs. overpotential, and the Tafel slopes remain nearly the
same for all the applied temperatures. The apparent thermal activation energies were

found from the Arrhenius plot derived from the Arrhenius equation given below:
log jo=log (FKC)- Ea /2.303RT

where T is the temperature (K), R is the gas constant (8.314 J mol? K1), E, is the
apparent activation energy (J.mol ™), ‘C’ is the concentration of the reactant (constant),
‘K’ is Kohlrausch coefficient (dimensionless), ‘F’ is Faraday’s constant, and ‘jo iS
exchange current density (mA.cm™).3!® The activation energy reveals the kinetic
barriers involved in the OER process and from the slope of the Arrhenius plots (Figure
54 b, d, and f), the apparent thermal activation energies were calculated as 30.156
kJ.mol?, 24.838 kJ.mol*, and 31.803 kJ.mol™ for Co/TiO2, Co/ZrO,, and Co/CeOy,
respectively. These experimentally determined activation energies are in good
agreement with the reported OER catalysts in alkaline environments such as
NiFeOx/NF (25 + 12 kJ mol™%),3® NiCoOx (71 kJ.mol"%),3?° Ni—Fe hydroxide (18.1 kJ
mol1),%2! and Lay xSrxCo03 (LSC04) (35 kJ.mol )22, The apparent thermal activation
energies of Co/MO catalysts did not follow a regular trend however, the similar values

imply that the active sites of the catalysts are nearly identical 3%

The electrochemical OER mechanism is complex and consists of many consecutive
reactions steps both chemical steps such as association or dissociation reaction and
electron transfer steps. Transfer coefficient value is important indicator for the
determination of rate determining step (RDS) of the OER mechanism. The transfer
coefficients (o)) could be calculated for different temperatures by using the formula:
b= 2.303RT/aF where; b is the tafel slope (V.dec?), R is the universal gas constant
constant (J.K* mol?), T is the temperature (K), F is the Faraday constant (96485
C).3036
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Bockris and Reddy™? derive also the transfer coefficient as oa = (No/v)+(NP) for a
multiple electron reaction where Ny represents the number of electrons transferred back
to the electrode before the RDS, v is the number of RDSs taken place in the overall
reaction, Ny is the number of transferred electrons in each occurance of the RDS and 3
is symmetry factor (B is generally assumed 0.5). If the chemical reaction after a one
electron transfer reaction is RDS, the value of Ny is equal to 0 and the values of Ny and
v are 1. Hence, transfer coefficient become unity and Tafel slope is 60 mV.dec™. ® As
seen in Table 15, the estimated values of transfer coefficients increases from ~0.9 to
~1.0 for all three catalysts with increasing temperature. According to the both
calculated transfer coefficient and the Tafel slope values, the second reaction step (M-
OH + OH" — M-0O" + H20) of the OER mechanism proposed by Krasil’shchikov path
could be considered as the rate determining step for Co/MO2 (M=Ti, Zr, Ce) catalysts

in alkaline medium.38

Table 15. Tafel slopes and transfer coefficients of Co/MO (M: Ti, Zr, Ce) catalysts
at different temperatures.

Co/TiO; Co/ZrO, Co/CeO;
Temperature = Tafel Tafel Tafel
K slopes oa slopes Oa slopes Oa
(V.dec?) (V.dec?) (V.dec?)
304 0.067 0.90 0.069 0.87 0.066 0.91
309 0.065 0.95 0.068 0.89 0.066 0.93
314 0.058 1.07 0.065 0.94 0.066 0.94
319 0.058 1.09 0.065 0.96 0.067 0.94
324 0.057 1.12 0.065 0.99 0.066 0.97
329 0.057 1.14 0.063 1.03 0.065 1.00
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Figure 54. Tafel curves of the a) Co/TiO2, c) Co/ZrO; and e) Co/CeO:; at different
temperatures in 1.0 M KOH and b, d, f) corresponding Arrhenius plots.
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To understand the effect of hydroxyl ion concentration on OER performance, the
polarization curves were taken for Co/TiO> (Figure 55(a)), Co/ZrO> (Figure 55 (b)),
and Co/CeO; (Figure 55 (c)) at 0.2 M, 0.4 M, 0.6 M, 0.8 M and 1.0 M KOH solutions.
The results given in Figure 55 show that the highest current densities are achieved in
1.0 M KOH solution. The lower activity at low KOH concentration may be attributed
to the insufficient OH" adsorption on the active sites of the cobalt catalysts. The
transfer of the OH" ions from the bulk electrolyte to the electrochemical double layer
was mostly hindered by the high charge transport resistance.®?* OH- transfer becomes
easier between bulk and electrochemical double layer when the OH" concentration
increases, which results in the decrease of the Tafel slope value gradually
(Table C. 2). On the other hand, at higher OH™ concentrations greater than 1.0 M, the
generated O covers and blocks the catalysts' active sites, which causes high ionic
transport resistance. The charge transport limitation can be observed at high electrolyte

concentrations.
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Figure 55. LSV curves of (a) Co/TiO2, (b) Co/ZrO,, (c) Co/CeO2 at 0.2, 0.4, 0.6, 0.8,
and 1.0 M KOH solution.
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The Faradaic efficiency during OER was calculated via chronoamperometry
experiment using a Hoffman apparatus which consists of working electrode, counter
electrode and reference electrode. Applying the control potential coulometry method
at 900 mV vs. Hg/HgO, both the charge passing through the system and the amount of
produced O2 gas were measured for 1 h. The theoretical and the experimental results
were found to be consistent, and the related efficiencies were found as 95%, 96.1%,
and 92.6% for Co/TiO,, Co/ZrOz, and Co/CeO, respectively (Figure 56). The Faradaic
efficiency results of Co/MO: catalysts are comparable to that of the other cobalt-
containing catalysts tested in an alkaline medium in the literature, such as CoS-DNA
(90.28%) 32°, NiCo0,Ss4 (95.8%) 28, CuOx@Co0304 (95%),%%® Fep25-CoMOCH/NF
(97.7%),%?" CoGell-derived xerogell (91.72%),3%® C0304/C00.85Se/C09Ses (82%),%2°
M0O2/C0C204-2H,0 (~90%),%3° C12H10CoN204 (91.78%), 3! CuxCo3-xOs (x = 0.95,
annealed at 200 °C) (93%),%*2 NiCo-POM/Ni (96+5%) 333,
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Figure 56. Faradic efficiency of (a) Co/TiO., (b) Co/ZrO2, (c) Co/CeO; for 1 h.
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3.2.1.4. Outlook of the synthesis, characterization and electrochemical

studies of Co/TiO2, Co/ZrO2, Co/CeO2

In this part of the thesis, Co nanoparticles were successfully impregnated onto the
titania, zirconia, and ceria surfaces by the environmentally friendly method to increase
the performance of the cobalt for OER. With the conductive support materials, the rate
of the charge transfer and the electrochemically active surface areas were increased
via decreasing charge transfer resistance and decreasing the particle size. Without
using any high temperature needed steps such as carbonization, phosphidation,
pyrolization, or annealing, Co/MO; (M= CeO,, ZrO, and TiO>) could be reproducibly
synthesized and show excellent activity for OER. All three catalysts exhibited
impressive performance for the oxygen evolution reaction in an alkaline environment
with low overpotentials (0.368, 0.371, and 0.385 V), low Tafel slopes (65.0, 67.9, and
70.8 mV.dec?), high exchange current densities, high TOF values, and considerable
durabilities. Although the commercial Co304 loses its activity to a great extent after
the stability test, for the Co/CeO2, Co/ZrO,, and Co/CeO», no noticeable change was
observed in Tafel slopes and overvoltages. Considering all parameters Co/MO, (M=
CeOg, Zr0O;, and TiO2) show higher activity and stability than commercial Coz0a4. The
enhanced OER activity in Co/MO2 (M= CeO2, ZrO>, and TiO>) catalysts appears to
originate from smaller Rct, smaller particle size and higher electrochemical active sites
than commercial Co3z04 and more disordered atomic arrangement. Among those three
catalysts, because of the highest ECSA, Co/CeO, was found to have slightly better
performance, especially in terms of exchange current density. According to the Tafel
slopes, onset and overpotentials, exchange current densities, TOFs, Faradaic
efficiencies, and stabilities, Co impregnated metal oxides (especially Co/CeOg,
Co/ZrO,, and Co/Ce0,) catalysts could be a promising class of electrocatalysts for
OER. This work also opens up an avenue for designing inexpensive, earth-abundant,
and highly active OER electrocatalysts via using different non-noble metals or

changing supporting materials.
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3.2.2. Electrocatalytic activity of Ir NPs supported on MO:2

3.2.2.1. Effect of metal oxides on the performance of Ir catalysts

Before starting the detailed investigation, different supporting materials were
combined with Ir metal to find the best Ir containg catalyst towards oxygen evolution
reaction. According to the LSV curves in Figure 57, ceria was found to be best
supporting material among titania, and zirconia. Although Ir/CeO., Ir/ZrO, and Ir/TiO>
were prepared using the same amount of supporting materials by following the same
procedure as explained in the experimental part, it was observed that iridium adhered
better to the ceria surface based on the ICP results. Ir content of the prepared catalysts
were determined as 2.44%, 1.13% and 0.63% wt. Ir for 1r/CeOz, Ir/ZrO, and Ir/TiO,

respectively.

—Ir/TiO,
30.0 4 —Ir/Zro,
—Ir/Ce0,

12 14 16 18 20 22 24 26
E (V vs. RHE)

Figure 57. LSV curves of Ir/CeO, Ir/ZrOz, Ir/TiO2 in 1.0 M KOH.
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3.2.2.2. Characterization of Ir/TiO2, Ir/ZrO2, Ir/CeO2

Previously synthesis Ir NPs were used for OER studies. Characterization details of
Ir/TiO2, Ir/ZrO2, Ir/CeO2 were given in ‘3.1.2.3. Characterization of Ir/CeQO>’

3.2.2.3. Electrochemical studies of 1r/TiOz, Ir/ZrOz, Ir/CeO2

The LSV curves of three iridium catalysts were represented in Figure 58 to investigate
the electrochemical properties of the Ir@CeO., Ir@TiO., and Ir@ZrO, towards OER
at RT in 1.0 M KOH. The voltammograms of metal oxides (TiO2, ZrO,, and CeO>) on
GCE and bare GCE were also given for comparison sake. As seen in Figure 60, bare
MO>’s and bare GCE were found to be inactive while the synthesized Iridium catalysts
(Ir@CeOy, Ir@TiO2, and Ir@ZrO>) were found to show activity towards OER. Based
on the Tafel slopes, the activity order can be represented as Ir@CeO2 (93.4 mV.dec™?)
> Ir@Zr02(281.0 mV.dec?) > Ir@TiO2 (292.3 mV.dec?).

i 0.44 4
60.0 (a) {b)
50.04 ——InTiO, 292.3 mV.dec”
—r/Zr0, 0.40 -
—_ 1 —IriCe0,
G 400 =+ =MO, on GCE i
E bare GCE I
G X 0.36-
< g 281.0 mV.dec™
E >
— = 0321
83.8 mV.dec™
0.28 4
3 16 19 2.2 0.1 0.2 0.3 04 05
loglj1{mA.cm?)

E (V vs. RHE)

Figure 58. a) IR corrected LSV curves for bare GCE, metal oxides on GCE
(MO2:Ce0O2, TiO2, and ZrOy), Ir@TiO2, Ir@ZrO,, and Ir@CeO,, b)Tafel slope
analysis of corresponding electrocatalysts

As given in Table 16, the onset potentials of these three catalysts were found to be
quite similar ( 1.552, 1.554, and 1.598 V vs RHE for Ir/CeO, Ir/ZrO2, and Ir/TiO,
respectively). However, the overpotential (ni0 = 0.379 V vs. RHE) and Tafel slope (b=
93.4 mV.dec?) values of Ir/CeO, were found to be highly better than the values
belonging to Ir/ZrO2 (ni0=0.600 V vs. RHE and b= 281.0 mV.dec™) and Ir/TiO;
(1o = 0.640 V vs. RHE and b= 292.3 mV.dec™).
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In practice jo is not the most suitable figure of merit to compare electrocatalysts since
small differences in the Tafel slopes, compounded with a long extrapolation over more
than 200 mV could yield distorted results. It would be best to compare the performance
by means of the potential at a fixed small current density. Thus, the onset potential and
overpotential values are better Figure of merits, especially if very different
electrocatalysts exhibiting different Tafel slopes were compared. Considering all the
onset potentials (no), Tafel slopes, and overpotentials at 10 mA.cm (n10) represented
in Table 16, Ir/CeO; provides the highest activity among Ir/ZrO>, Ir/TiO. The reason
of the higher activity of the Ir/CeO2 could be the more favorable metal support
interaction due to the defects of Ce(lll). These defects might enhance the metal

substrate interaction by causing excess negative charge on the surface of oxide.81:92 265

Table 16. Tafel slopes, onset and overpotential values at 10 mA.cm of as-synthesized
catalysts.

catalysts Mo Nio b jo
(Vvs.RHE)  (Vvs. RHE) (mv.dec?) (mA.cm?)
Ir/CeO, 1.552 0.379 93.4 0.0004
Ir/ZrO, 1554 0.600 281.0 0.1423
Ir/TiO, 1.598 0.640 292.3 0.0959

Compared to the iridium based catalysts previously reported in the literature shown in
Table 17, Ir@CeO2 shows promising results considering the Ir amounts, Tafel slopes,
onset potentials, and overvoltage values that must be applied to reach a current density
of 10 mAcm™. Although there are catalysts that perform better than Ir@CeO, among
the catalysts listed in Table 17, it can be said that Ir@CeO2 has more advantages when
the synthesis methods are compared. The synthesis steps of most of the catalysts
require high temperatures (400-900 °C), harsh steps such as calcination (Entry 10),
annealing (Entry 19), pyrolization (Entry 7) and harmful chemicals, however, in the
synthesis of Ir@CeO; the reaction temperature was kept at room temperature and

water was preferred as a solvent.
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Table 17. Several Ir-containing OER electrocatalysts reported in alkaline media.

entry

10

11

12
13

14

15
16
17
18
19
20

21

22

Catalysts

Ir@CeO:

Ir@CosN NF

Ir02

Co@Ilr@NC1
0%
Ir@Ni oxide

Tillro05C00.05S
P0.1SNg.6Ox
Ir-MnOx/N-C

Ir-Cu
Ni-(Ebonex/Ir)

Ir(11N—Co(ll)
organophosph
onate (1@600)

Iro.25Wo.75

Ir
IrO,@NiIO/NF

Ir-CoxNil-
XO/NF
Ir-NiCo LDH

90PtOy-10IrO;
IrNi/ZNC
Iro,@1r-MOF
Ir@NG-750
NiFelrgoa/Ni

Bao 9Sro.1C0o.s
Feo.1lro.103-5

Pt-1rO,/CC

Loading
density
(ng.cm?)

51.6

285

2000

20.4

280

425

36.6

mass
activity

at 10
mMA cm?

(A.mgi
Y

e

0.118

0.65@
1.6 V vs.

RHE
0.01

0.50

0.47

3.71

0.12

0.03
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b
(mV.dec)
(LSV)

93.4

94.5

47.7

73.8

44.0

53.0
47.0

38.0
56.3

59.1

85.0

41.8

48.0

41.2
55.0
85.0
110.6
64.0
44.6

61.2

35.0

no
(Vvs.
RHE)

1.552

~1.50

~1.50

~1.48

~1.45
1.521
~1.52
1.36
~1.45
~1.45

~1.50

~1.50

nzo
(Vvs.
RHE)

0.379

0.310

0.380

0.280

0.264

0.416
0.250

0.340
0.367

0.317

0.309

0.430
0.278

0.260

0.192
0.480
0.322
0.284
0.273
0.200

0.300

0.209

ref.

This
work
334

335

336

337

338

339

340

341

342

343

146

344

345

346

347

348

349

350

351

352

353



Table 17 (continued)

23 Nilr@N-C/NF 800 - 82.2 ~1.55 0.329@50 354

24 Ir-NR/C 14 0.374@]1.5 60.3 ~1.52 0.296 355
V vs. RHE

25 FF-NaCl-Ir—P - - 44.4 ~1.45 0.169 356

26 Irie—PdCu/C - 1.01@1.5 48.9 ~1.55 0.284 357
V vs. RHE

27 Irsa-NaiP - 12w1.5V 90.1 ~1.40 0.149 358

vs. RHE

28 Felr@NF - - 64.8 ~1.50 0.220 359

29 Ir-Co(OH),-5 - - 69.9 ~1.45 0.262 360

30 Ir-Ni(OH). = - 75.5 1.42 0.243 361

nanocage
31 Ir-Te NWs 142.85 - 38.1 ~1.47 0.248 362

The turnover frequency (TOF) data were determined to further analyze the intrinsic
activity of the Ir@CeO: catalyst. The overpotentials required to get the TOF values
0.048 s [(at 5 mA.cm™), 0.096 s (at 10 mA.cm™), and 0.480 s (at 50 mA.cm™) are
344, 379, and 631 mV, respectively. The TOF results of Ir@CeO; are similar to the
catalysts reported in the literature. For example NiFelroo3/Ni exhibit ~0.0505 s value
at 270 mV. 3 In fact, it can be said that the TOF values of the Ir@CeO catalyst with
ultralow noble metal loading are at least 3 times higher when compared to catalysts
containing earth abundant metals such as Ni-Co-LDH (at 419mV TOF= 0.002 s*) 3%,
Au@Co304 (at 350 mV TOF= 0.015 s1),37 CoNS (at 300mV TOF= 0.003s71)3%,

To understand the OER mechanism via determining the Tafel slope, EIS is also an
important method since the data can just represent the charge transfer kinetics of the
electrode reaction without accounting for resistance of catalyst. The Nyquist plots of
Ir@CeO: given in Figure 61 were recorded from 700 mV to 800 mV with 20 mV
interval in 1.0 M KOH. There are two semicircles in a Nyquist plot of Ir@CeO,. Small
semicircles can be seen due to porosity of surface or adsorbed species on GCEs in the
high frequency range, and they are potential independent. On the other hand, in the
low frequency region, the semicircles become smaller and smaller due to the charge

transfer resistance as the applied potential increases.
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The EIS results were fitted the equivalence circuit model given in and inset of Figure
59. Total charge transfer resistance (Rct) for oxygen evolution reactions decreases
with increasing potential, indicating that the transfer kinetics of electrons increase as

the potential applied increases.

One of the aim of the EIS method is determining the Tafel slope which can be found
from the slope of log (1/RcT) vs. n plot. Tafel slopes from polarization curves support
the results from EIS. As seen in Figure 61 (b), Tafel slope of Ir@CeO, was found as
91.13 mV.dec™ and this value is consistent with the result obtained from the LSV
curves (93.4 mV.dect). At the Ir@CeO-electrolyte interface, interfacial charge-
transfer mechanism dominates the Bode plot (Figure C.11). The relaxation, which is
associated to the charge transfer kinetics, is attributed to the single peak in the Bode
plot. 263384 The phase angle maximum in the Bode plot decreased to lower values with
increasing applied potentials while the Rct and the time constant decrease indicating
a faster charge transfer process at the Ir@CeO>—¢lectrolyte interface (Figure C11 (a)
and (b).%%® These changes in Bode and Nyquist plots were attributed to the OER

process, which had an onset potential of 1.55 V.
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Figure 59. a) Electrochemical impedance spectroscopy results of Ir@CeO, at
700mV - 800 mV vs. Hg/HgO potential range and b) Tafel graph obtained using the
data from EIS.
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ECSA was estimated by dividing the double-layer capacitance (which can be
determined from EIS (Figure 59 (a)) or CV (Figure 60 (a)) by the Cs (0.04 mF.cm in
alkaline media®®4). First of all, Cp. was calculated from the non-faradic area of the CV
(0.10- 0.20 V vs. Hg/HgO). Graphing the ja as a function of scan rate provides a straight
line with a slope equal to CpL. Multiple CV experiment for Ir@CeO was given in
Figure 60 (a). As shown in Figure 60 (b), the Cp. for Ir@CeO> was found to be 0.026
mF. For Ir/CeO- catalyst, ECSA value was found as 0.65 cm? in 1 M KOH. Secondly,
the Cp. estimated from the highest point of the Nyquist curve at overpotential required

to reach 10 mA.cm was found to be the same as the Cp. obtained from CV.
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Figure 60. a) The multi-scan CV curves of Ir@CeO; acquired in 1.0 M KOH at
different scanning rates from 10, to 120 mVs ! and b) current densities as a function
of scanning rates with the slope corresponding to the Cp value.

The electrochemical OER activity was further investigated at different temperatures.
The Tafel analyses of Ir@CeO: in 1.0 M KOH at 299, 304, 309, 314, 319, 324, and
329 K are shown in Figure 61 (a). The currents at the same potential value increase
with the increasing temperature due to an increase in the current carrying ions’
migration rate in the lower viscous medium. The Tafel slopes are approximately the
same for all of the applied temperatures and there is a linear relationship between the
logarithm of |j| and n, as seen in the Figure 61 (a). The apparent thermal activation
energies were determined using Arrhenius plot, which was obtained from the

Arrhenius equation given in Appendix C Table A3.
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The activation energy indicates the kinetic barriers involved in the OER mechanism,
and the apparent thermal activation energy for Ir@CeO. was determined as 37.476
kJ.mol* based on the slope of the Arrhenius plots (Figure 61 (b)). It is noteworthy that
the observed Ea value for OER on Ir@CeO: (37.476 kJ.mol™ at E=720 mV vs.
Hg/HgO) are lower when compared to the catalysts in the literature such as Fe3O4 (Ea
= 109 kJ mol™) 3¢ NiCoOx (Ea = 71 kJ.mol1)*?°, CoFe;1,CrosOs (Ea = 67.3 kJ
mol™! at E=560 mV)%%’, Adams-RuO; (Ea = 49+1 kJ mol %)%%, Cup9C02104 (Ea =
45.19 kJ mol )%, oxide coated CosoNizsSiisB1o amorphous alloy (Ea= 40 kJ mol1)37°,
Lag 6Cuo.4C003 (Ea= 46 kJmol )22 put it was higher than those NiFeOx/NF (25 + 12
kJmol?), 3 and NiFe hydroxide (18.1 kJ.mol™1)32,

0.69
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0.2 0.4 0.6 0.8 1.0 3.0 34 3.2 3.3 3.4

log 1] 1 (mA.cm?) 11T (x103 K1)

Figure 61. Tafel plots of the Ir/CeO; catalyst in 1.0 M KOH at various temperatures
(a) and the related Arrhenius plot (b).

The transfer coefficient of Ir/CeO. was calculated as described in the OER section
‘3.2.1.3.Electrochemical studies of Co/TiO2, Co/ZrO2, Co/CeO>’ and the definitions
of terms were given in the relevant part. Table 18 shows that while there is an increase
in the predicted values of the transfer coefficients with the increase of the reaction
temperature. On the other hand, the Tafel slope values decrease at high temperatures.
The calculated transfer coefficients and the Tafel slope values indicate that the lattice
oxygen process (Table Appendix C4) becomes more competitive with the oxygen-
evolving mechanism for Ir/CeQO>. The lattice oxygen evolution process has been linked
to enhanced OER activity and catalyst dissolution on metal oxide structures. The
inclusion of the lattice oxygen in the OER may have a major impact on the

electrochemical stability of iridium oxide.3”* According to this mechanism, the
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removal of a lattice oxygen atom during OER creates an oxygen vacancy. This defect
in the lattice structure can either be repaired by a reoxidation step or cause the iridium
atoms to dissolve.*! Due to the thermodynamic instability of the oxygen atoms in the
metal oxide lattice, any metal oxides can become unstable under the oxidizing
conditions of the OER.

According to the Tafel slope values, the rate determining step of the oxygen formation
mechanism for Ir/CeO; in alkaline medium can be considered as the third reaction step
(M-O" + OH" — M-0-O-H" + e") proposed by Krasil'shchikov. (see introduction
chapter for the recommended route) 38 372

Table 18. Transfer coefficients and Tafel slopes of Ir/CeO; at different temperatures.

Ir/CeO,
Temperature Tafel slopes Oa
K (V.dec?)
298 0.0934 0.6335
303 0.0914 0.6582
308 0.0887 0.6894
313 0.0864 0.7193
318 0.0852 0.7410
323 0.0848 0.7562

The stability along the reaction is a critical factor for the evaluation of the
electrocatalytic performance of the catalysts in OER. Therefore, chronopotentiometry
experiments were carried out to conduct the stability tests for the Ir/CeO; catalyst (see
Figure 62b). During 1 h, a constant current with a 0.7 mA value was applied to the
Ir/CeQO> catalyst. Figure 62 shows the LSVs of Ir/CeO> recorded before and after
stability measurements. As seen in Figure 62a, there is a noticeable electrocatalytic
activity loss for Ir/CeO. during the 1 hour stability test. After the stability experiment
of the Ir/CeQ catalyst, anodic shifts of 39 mV and 119 mV were recorded in the onset
and overpotential values, respectively, and the change in Tafel slope was determined
to be 46.6 mV.dec™. As can be seen from the Figure 62b, there is a negligible change
in the potential in the first 40 minutes. The fluctuation in the potential value at about
the 40" minute may be attributed to both the formation of the oxygen bubbles on the

surface and the desorption of them from the surface of the electrode. In fact, gas
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bubbles periodically nucleate, grow, and finally detach from the surface. As a result of
this detachment, it was observed that the catalytic activity was greatly reduced by
taking into account the overvoltage corresponding to the value of 10 mA.cm?. The
decrease in the catalyst performance might be caused by the buildup of bubbles on the
surface of the electrode.®”® The bubbles generate surface obstruction and the formation
of the dead region, which causes the electrical resistance, and thus they deteriorate the
activity of the catalyst.3** Another reason for the catalytic activity loss could be the
dissolution of iridium metal during the oxygen evolution.**3’* OER competes with the
lattice oxygen evolution reaction (LOER) and, under the anodic potential
circumstances, LOER is thought to be the major cause of catalyst instability.37>376377
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Figure 62. (a) Voltammograms taken before and after the stability test of Ir@CeO:
(b) Chronopotentiometry measurement in 1.0 M KOH at 10 mA.cm™

The polarization curves for Ir/CeO (Figure 63 (a)) were collected at 0.2, 0.4, 0.6,
0.8, and 1.0 M KOH solutions to investigate the influence of the concentration of
hydroxyl ions on OER performance. Figure 63 (a) indicated that the highest current
density was obtained in 1.0 M KOH solution among the other solutions. The low
activity at low KOH concentrations might be attributed to inadequate OH" adsorption
on the active sites of iridium catalyst. The high charge transport resistance hampers
the movement of hydroxyl ions from the bulk electrolyte to the electrochemical double
layer. 3 When the concentration of hydroxyl ions increases, OH" transfer between the
the electrochemical double layer and bulk solution becomes easier, resulting in a

gradual decrease in the Tafel slope values (Figure 63 (b)).
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However, at high concentration of hydroxyl ions which are higher than 1.0 M, the
active sites of the catalyst could be blocked by the evolved O gas, which may result
in a significant ionic transport resistance at high electrolyte concentrations, and thus,

the charge transport restriction might be observed.
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Figure 63. a) LSV curves of Ir/CeO2 and b)corresponding Tafel slopes at different
KOH solutions.

3.2.2.4. Outlook of the synthesis, characterization and electrochemical

studies of Ir/TiOz, Ir/ZrOz, Ir/CeO2

To investigate the performance of the iridium for OER, Ir nanoparticles were
effectively impregnated onto the surface of metal oxides (MO2: TiOz, ZrO, and CeQy)
supports. The electrochemically active surface areas and the rate of charge transfer
were improved with conductive support materials by lowering charge resistance and
reducing particle size. As prepared iridium catalysts were found to be show activity
towards OER. The onset potentials of these catalysts were found quite similar (1.552,
1.554, and 1.598 V vs RHE for Ir/CeOg, Ir/ZrOz, and Ir/TiOz, respectively) however,
the overpotential (10 = 0.379 V vs. RHE) and Tafel slope (b= 93.4 mV.dec™) values
of Ir/CeO; were found highly better than the values to Ir/ZrO (n10 = 0.600 V vs. RHE
and b= 281.0 mV.dec?) and Ir/TiO2 (10 = 0.640 V vs. RHE and b= 292.3 mV.dec™).
The reason of the higher activity of the Ir/CeO> could be the more favorable metal
support interaction due to the defects of Ce(ll1). These defects might enhance the metal

substrate interaction by causing excess negative charge on the surface of oxide. On the
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other hand, there is a noticeable electrocatalytic activity loss for Ir/CeO2 during
stability test especially after 2400 s. The reason of the catalytic activity loss could be
the dissolution of iridium metal during the oxygen evolution.3’* OER compete with
the LOER and under anodic potential circumstances, LOER is thought to be the major
cause of catalyst instability. Moreover that, the instability of Ir/CeO2 could also be

associated with blockage caused by bubbles accumulating on the surface.

3.2.3. Electrocatalytic activity of Rh NPs supported on MO2

3.2.3.1. Effect of metal oxides on the performance of Rh catalysts

Since the ceria as a supporting material shows the best performance when combining
with noble metals in our studies so far, only Rh/CeO> has been studied for OER in
alkaline media. 4% Rh/CeO> catalyst prepared for HER was used for OER studies.
Their characterizations were reviewed under the subheading ‘3.1.1.5. Characterization
of Rh/CeOy’.

3.2.3.2. Electrochemical studies of Rh/CeO2

Rhodium metal was found to be unstable in alkaline solution. Rh in Rh/CeO- tends to
dissolve at high potentials. The onset potential of the OER also corresponds to the
potential at which dissolution begins. As seen in Figure 64, Rh/CeO: loses almost all
of its activity in alkaline medium in 10 scans. The onset potential of Rh/CeO; at the
first scan was found as 1.726 V, the overpotential that require to reach 10 mA.cm? is
560 mV vs. RHE (the potential is equal to 1.790 V vs. RHE) and the Tafel slope was

calculated as 152 mV.dec™.
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Figure 64. LSV scans of Rh/CeOz in 1.0 M KOH

The electroactive surface area of Rh/CeO, was estimated from multi CV experiment

and found to be extremely low (0.425 cm?) (Figure 65).
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Figure 65. (a) The multi-scan CV curves of Rh@CeO; acquired in 1.0 M KOH at
different scanning rates from 10, to 100 mVs ~* and (b) current densities as a function

of scanning rates with the slope corresponding to the Cp. value.

In aqueous electrolytes, three situations may be identified based on the selected
potential and pH: (a) the metal is assumed to be immune to corrosion if the potential
is below the metal oxidation potential; (b) at higher potentials, it can be
passivated/protected by development of a stable oxide layer; or (c) it dissolves. Since
the onset potential of Rh/CeO, for OER is above the unstable oxide formation
potential, dissolution occurred from these three states and Rh/CeO2 could not be used

as an active catalyst in the OER.
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3.2.4. Conclusions about the performance of group 9B transition metal

catalysts towards oxygen evolution reaction

Although the dissolution problem of noble metals is more common in an acidic
environment during oxygen evolution reactions, it also occurs in an alkaline
environment. In the literature, dissolution phenomena of noble metals have been
investigated by pearbaux diagrams®®, thermodynamic®"® and kinetic experiments®’®.
The surface processes during the OER and correlated changes of the oxidation states
lead to dissolution. During the non-equilibrium process of the OER, the oxidation
states of metal catalysts are continuously changed. Accordingly, the dissolution rate is

a question of OER mechanisms and kinetics.

As represented in Table 19, among the Co, Rh and Ir metals, Co was found to show
high activity and stability in OER, while Rh and Ir metals were found to be active but
not stable. Since the onset potential of Rh/CeO: is about 200 mV ahead of 1r/CeO2, Rh
loses its activity to a great extent compared to Ir as of the first scan. The reason why
iridium loses its activity after applying a constant current of 10 mA.cm? for about 40
minutes is that the accumulation of bubbles on the surface increase the surface
resistance and require more and more potential to generate 10 mA.cm? current. As the
required potential increases, the amount of dissolution increases and accordingly the
iridium loses its activity. On the other hand, all three cobalt catalysts (Co/CeOs,
Co/ZrO; and Co/TiOz) exhibited impressive performance for the oxygen evolution
reaction in an alkaline environment with low overpotentials (0.368, 0.371, and 0.385
V), low Tafel slopes (65.0, 67.9, and 70.8 mV.dec?), high TOF values, and
considerable durabilities. The enhanced OER activity in Co/MO; (M= CeO,, ZrO;,
and TiOy) catalysts appears to originate from smaller Rct, smaller particle size and

higher electrochemical active sites than commercial CozO4 and eis.

Among those three cobalt based catalysts, because of the highest ECSA, Co/CeO2was

found to have slightly better performance.
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Table 19. Comparison of the OER performance of the metals

Catalysts Tafel Mo Nio ECSA durations after stability experiments
slope (Vvs.  (Vvs. (cm? of the
ot - no nio Tafel
(mV.dec’)  RHE) RHE) stability
tests
Co/TiO2 67.9 1594  0.390 5.63 3h 1.644 = 0.452 89.4
Co/ZrO: 70.8 1577 0.373 793 3h 1.617  0.423 82.3
Co/CeO2 65.0 1575 0.365 11.15 3h 1.610  0.400 68.3
Co0304 77.0 1.655 0455 1.20 1h 1.665  0.481 89.0
Ir/TiO2 292.3 1.598 0.640 - 1h - - -
Ir/ZrO2 281.0 1.554  0.600 - 1h - - -
Ir/CeO: 934 1552  0.379 0.65 1h 1591  0.498 140.0

Rh/CeO2 152.0 1.726  0.560  0.43 - - - -

In addition to the OER performances of metals in the alkaline media, HER
performances have also been studied and the results were given in Table 20. The cell
potentials were calculated and catalysts were not found suitable for overall water
splitting. In the literature, higher current densities have been obtained at lower cell
potentials for example, the 3D core-shell heterostructure of WS>@Co03S4s NW/CC can
deliver 100 mA cm2 at a cell voltage of 1.56 V in alkaline solution for overall water

splitting.>%

Table 20. Required cell potentials for the overall water splitting. (Potentials were
given as V vs. Hg/HgO in the table)

catalysts Mo Mo Mo Nio Ecen Ecen
(HER) (HER) (OER) (OER)  according according to
toonset  overpotentia

potentials Is

V) V)
Ir/CeO> -1.324 -1.370 0.637 0.694 1.961 2.064
Co/CeO,  -1.370 -1.441 0.660 0.680 2.030 2.121
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CHAPTER 4

CONCLUSION

At the beginning of the detailed investigations of the catalysts, the factors affecting the
activity of rhodium nanoparticles towards hydrogen evolution reactions were
examined. The counter electrode effect, the effect of the supporting metal oxide, the
effect of the loading amount and the effect of the loading density on the working

electrode were investigated.

Pt wire and graphite rod were used comparatively as counter electrodes in the
electrochemical cell to observe whether there was metal dissolution in acidic media.
Electrocatalytic activity of 0.5 % Rh/TiO, modified GCE was investigated by
recording polarization curves in 0.5 M H2SOg solution. Since the electrocatalytic
activity of the modified electrode was found to be improved gradually after potential
cycling between -0.5 and 0.5 V vs. Ag/AgCl when using Pt wire, Rh/TiO2 modified
GCE was subjected to the potential cycling until no more change was noted in the
onset potential.

» The results show that there were Pt dissolution and deposition on surface of the
Rh/TiO2 during 2000 cycle pretreatment.

» The increase in the activity of catalyst were attributed to cathodic deposition
of Pt originating from anodic dissolution of Pt counter electrode.

» It was also found that, besides metal-support interaction metal-metal
interactions are also important in HER. Therefore, the observed improvement
in the electrocatalytic activity of Rh/TiO, can be attributed not only to Pt
deposition but also Rh-Pt interaction.

» By using very low amount of Rh, highly good results can be obtained and these
results are due to the bimetallic relationship of Pt with Rh.

121



» Rh/TiO2-2000 shows superior electrocatalytic activity in 0.5 M H2SO4
solution for HER with ultralow mass loading of Rh (3.79 pg.cm™). Rh/TiO,-
2000 provides very low Tafel slope (32 mV.dec™), low overpotential (37 mV@
-10 mA.cm™), high exchange current density (0.686 mA.cm) and high TOF
values (11.45 s1).

» The Faradaic efficiency of Rh/TiO,-2000 was found as 94% after applying
18000 mC. The Tafel slope and overpotential at -10 mA.cm values are found
to be nearly the same with the one obtained by using benchmark Pt/C catalyst
(75 pg.cm™).

> Rh/Ti0,-2000 provides higher jo (0.686 mA.cm™) than that of Pt/C catalyst
(0.541 mA.cm™). Rh/TiO2-2000 on GCE provides high stability even after
10000 cycle in HER. There is no noticeable change in the onset potential (29
mV), overpotential (40 mV@ -10 mA.cm?), and Tafel slope (33.1 mV.dec?)
after the stability test. 8

The Pt counter electrode was replaced by graphite electrodes and improvement after
treatment was not observed when using graphite rod as a counter electrode and catalyst
lost some of its electrochemical activity. Graphite electrode was used as a counter
electrode during the HER studies in order to prevent platinum contamination and to

evaluate the HER performance of group 9B metals in the acidic environment.

After observing the counter electrode effect, the effect of the supporting metal oxide,
the effect of the loading amount and the effect of the loading density on the working
electrode were studied.

» Ceria was found to be the better supporting material than TiO2, ZrO» HfO»,
Al>03, and SiO towards HER in acidic media. Activity order was determined
as CeO2 > TiO2> ZrO2> Al,03> HfO, > SiOo.

» It was found that the % loading (2% - 5%) did not significantly affect the
catalytic activity when the loading density was kept constant.

» It was also observed that when the loading density was increased, the pouring
of the catalyst increased and accordingly the stability decreased.

> Considering all the results, 4% loading and 85.7 pg.cm™ loading density were

chosen for the other catalysts .

122



The findings of the HER studies can be summarized as follows,

>

Rhodium and iridium based NPs were successfully formed on the surface of
metal oxides by simple impregnation technique and characterized by TEM,
TEM-EDX, XRD and ICP-OES.

Among these catalysts, Ir/CeO2 and Rh/CeO- have been found very efficient
electrocatalysts for HER in acidic environment.

Electrochemical tests were performed without using any binder such as nafion
and graphene.

Rh/CeO- provides a low Tafel slope value (34 mV.dec?) and high exchange
current density (0.527 mA.cm2) with a low overpotential of 42 mV at j = 10
mA.cm 2. Rh/CeO; with a very low mass loading 85 pg.cm™ provides also
exceptional electrocatalytic activity and durability even after 10 000 cycle.
Ir/CeO2 provides -13 mV onset potential, -23 mV overpotential at
10 mA.cm2, 2.69 mA.cmexchange current density and 38.7 mV.dec™ Tafel
slope values which were better than the ones obtained by Ir/TiO2 and 1r/ZrO;.

Ir/CeO, shows higher intrinsic electrocatalytic activity (TOF= 1.95s! at 100
mV) than that of Rh/CeO, (TOF= 1.18 s at 100 mV) and commercial Pt/C

(TOF= 1.18 5! at 100 mV) due to the higher electroactive surface area.

The electrocatalytic stability test shows that Ir/CeO> exhibits an outstanding
stability for HER in 0.5 M H2SO4 even after 20 000 CV cycles. The Tafel
slopes determined before and after stability test are found to be nearly the
same.

Among the catalysts, although Rh/CeO: has relatively lower Tafel slope,
Ir/CeO, was found more efficient and stable than Rh/CeO,. Co/CeO, shows
very low activity and stability due to the low M-Hags energy.

Although Co/CeO; showed better activity than Co/ZrO, and Co/TiO,, it was
observed that it could not maintain this activity. Co/CeO lost its activity to a
large extent even in the 2" and 3 LSV measurements taken consecutively.
The reason of this activity loss could be explained via corrosion or dissolution
of non-noble metal electrocatalysts under strong acidic conditions

For Co/CeQ,, the rate determining step is adsorption step (Volmer step). For
both Rh/CeO, and Ir/CeO,), rate is determined by chemical or electrochemical
desorption step.
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» Considering the high stability, facile preparation method and low metal

loading binder free Ir/CeO, and Rh/CeO, were found promising
electrocatalyst for hydrogen evolution from water splitting and it will provide

significant contribution in the field. 823

As compared with HER, OER has more sluggish kinetic with the four-electron

transfer. M-OH, M-O, and M-OOH (where M represents the active sites on the surface)

adsorption intermediates occur during the reaction in an alkaline environment.

Electrochemical water splitting kinetic is seriously slow down due to considerable

energy barriers causing from HER with two-electron transfer and OER with four-

electron transfer reactions. Group 9B metals impregnated on metal oxides were also

studied in OER to increase the rate of water splitting by decreasing onset potential,

overpotential and Tafel slope.

The findings of the OER studies can be summarized as follows,

>

Co nanoparticles have successfully impregnated onto the titania, zirconia, and
ceria surfaces by the facile and environmentally friendly method to increase
the performance of the cobalt for OER.

The rate of the charge transfer was increased via decreasing charge transfer
resistance and the electrochemically active surface areas was increased also by
decreasing the particle size with the conductive supporting materials.

Without using any high temperature needed steps such as carbonization,
phosphidation, pyrolization, or annealing, Co/MO2 (M= Ce, Zr, and Ti) could
be reproducibly synthesized and show excellent activity for OER.

Co/Ce0,, Co/ZrOz, and Co/TiO: catalysts exhibited impressive performance
for the oxygen evolution reaction in an alkaline environment with low
overpotentials (0.365, 0.373, and 0.390 V), low Tafel slopes (65.0, 70.8, and
67.9 mV.dec?).

Although the commercial Co3O4 loses its activity to a great extent after the
stability test, for the Co/CeO2, Co/ZrO2, and Co/TiO2, no noticeable change was

observed in Tafel slopes and overvoltages.
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The enhanced OER activity in Co/MO, (M= Ce, Zr, and Ti) catalysts appears
to originate from smaller RcT, smaller particle size and higher electrochemical
active sites than commercial Co3Oa.

Among those Co/MO:; catalysts, because of the highest ECSA, Co/CeO- was
found to have slightly better performance, especially in terms of exchange
current density.

According to the Tafel slopes, onset and overpotentials, exchange current
densities, TOFs, Faradaic efficiencies, and stabilities, we believe that Co
impregnated metal oxides (Co/CeO2, Co/ZrO,, and Co/CeO>) catalysts could
be a promising class of electrocatalysts for OER. 8!

This work also opens up an avenue for designing inexpensive, earth-abundant,
and highly active OER electrocatalysts via using different non-noble metals or
changing supporting materials.

As prepared iridium catalysts were found to show activity towards OER. The
onset potentials of these three Ir@MO2 (M= Ti, Zr, and Ce) catalyst were found
quite similar (~1.55 V vs. RHE) however overpotential (nio=0.379 V vs.
RHE) and Tafel slope (b= 93.4 mV.dec?) values of Ir@CeO, were found
highly better than the values belongs to Ir@ZrO (10 = 0.600 V vs. RHE and
b= 281.0 mV.dec?) and Ir@TiO2 (ni0=0.640 V vs. RHE and b= 292.3
mV.dec?). 382

The reason of the higher activity of the Ir@CeO> could be the more favorable
metal support interaction due to the defects of Ce(lll). These defects might
enhance the metal substrate interaction by causing excess negative charge on
the surface of oxide.

A noticeable electrocatalytic activity loss was observed for Ir@CeO; during
stability test especially after 2400 sec. The reason of the catalytic activity loss
were attributed to the dissolution of iridium metal during the oxygen
evolution, %82

OER also compete with the LOER and under anodic potential circumstances,
LOER is thought to be the another cause of catalyst instability.

The instability of Ir@CeO2 could also be associated with blockage caused by

bubbles accumulating on the surface.
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» Nevertheless, Ir@CeO- could be a promising class of electrocatalysts for OER
with the low overpotential and Tafel slope, and increased durability.

This thesis provided a rational, fairly easy and eco-friendly way to obtain high-
performance electrocatalysts by attaching small amounts of noble or non noble metal
onto supporting transition metal oxides. Moreover, this research offers up an avenue
for obtaining cost the effective and high performance water splitting electrocatalysts
by utilizing alternative noble or earth-abundant metals or modifying the supporting
materials.

For the future work, the reaction mechanisms and the rate determining steps can be
investigated in detail via computational analysis. Moreover, with this synthesis approach
new catalysts can be synthesized and used for the other applications such as

supercapacitors, CO; reduction and waste-water treatment.
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APPENDICES

APPENDIX A

A.1. Synthesis, preparation and electrochemical studies of the catalysts for
the investigation of the activity towards HER

A.1.1. Rh/CeO:z2 catalysts

400 mg of CeO2 powder and 45.7 mg of RhCl3.3H.0 were mixed in 100 mL distilled
water and the mixture was stirred for 24 h at room temperature. Then, 10 mL of
aqueous NaBH3 solution (3.0 mM) was added to this slurry drop wise and the mixture
was stirred for 1 h. After this period, Rh/CeO2 nanoparticles were obtained and
separated from the solution via centrifugation at 8000 rpm for 10 min. In order to
remove residues coming from the solution, Rh/CeO, was washed with 50 mL water
and dried under vacuum at 60°C for 12 h. Rh content of our catalyst was determined
as 4.0% wt. using ICP-OES. XRD, TEM, TEM-EDX and XPS analyses were also
performed for further characterization of Rh/CeO:..

To modify GCEs, 37.5 mg of Rh/CeO, was sonicated for 1 h in 500.0 pL isopropanol
and 2.0 pL aliquot of this dispersion was dropped onto previously cleaned GCE. The
suspension was dried on GCE at room temperature for 1 h and Rh/CeO2 on GCE was
obtained. For comparison Pt/C on GCE was also prepared by following the same
procedure given above using 15 mg of commercial Pt/C. Note that the amount of
rhodium and platinum content on the GCE was kept constant as 85.7 pg.cm™ for all

measurements.
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LSV was utilized to investigate the electrochemical activity of the modified electrodes
in 0.5 M H2SOg4 solution at 5 mV/s scan rate. The obtained potentials were optimized
with respect to reversible hydrogen electrode (RHE) by using the following equation
(Evs rHE =Evs agagci+ 0.210 + 0.059 pH) V. The electrochemical impedance
spectroscopy (EIS) measurements were performed at various potentials in the
frequency range of 0.1-100,000 Hz with an amplitude of 5 mV. The electrocatalytic
stability of Rh/CeO2 on GCE was tested by recording cycling voltammogram (CV) in
0.5 M H2S04 solution in the range of -0.50 to +0.50 V vs. Ag/AgCl at a 50 mV.s! scan

rate.

A.1.2. Rh/TiOz2 for the investigation of counter electrode effect

600 mg of TiO2 powder and 7.78 mg of RhCl3.3H20 salt were stirred together
in 100 mL H2O for 18 h at room temperature. 10 mL of 3.0 mM NaBHj4 (aq)
solution was added drop wise to this mixture. After 1 hour stirring, Rh
nanoparticles were successfully impregnated on TiO,. After the centrifugation
(20 min at 8000 rpm), washing (with 100 mL H20) and drying (under vacuum
at 60 °C for 12 h) processes, 587 mg of Rh/TiO2 was obtained. According to
ICP-OES analysis, Rh metal content of Rh/TiO2 was determined as 0.50% wit.

To prepare the catalyst ink, 50 mg of Rh/TiO2 and 400 pL Nafion solution were
dispersed in 2 mL isopropanol by sonication for 2 hours. 2.5 pL. of homogeneous ink
was dropped onto cleaned GCE (diameter = 3.00 mm) and dried at RT for 3 h. Note
that, for all tests, the Rh amount on GCE kept constant as 3.79 pg.cm™ and for the
control tests, Pt/C electrode was prepared by following the same procedure given

above.

Linear sweep voltammetry method (LSV) with 20 mV/s scan rate in 0.5 M H2SO4
solution was used to investigate electrochemical behavior of catalysts on GCEs. The
potentials obtained from polarization curves were reported against reversible hydrogen
electrode (RHE) by adding a value of (E°agiagct + 0.059 pH) V (E agiaget = 0.210 V).
The EIS studies were conducted at -13, -23, -33 and -43 mV vs. RHE (frequency range:
0.1-100,000 Hz). Note that before electrocatalytic test of Rh/TiO, pretreatment has
been performed by applying 2000 cycles between -0.5 and 0.5 V vs. Ag/AgCI. This
potential range was also used to test electrocatalytic stability with a voltage scan rate
of 50 mV.s™,
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A.1.3. Ir containing catalysts

39.1 mg of IrCls.xH20 and 494.0 mg of ceria powder were stirred in 75 mL distilled
water at room temperature (RT) for 24 h. Then, 10 mL of 40 mM NaBH4 solution was
added drop wise to this mixture and stirred for another 3 h. At the end of the stirring, Ir
nanoparticles were successfully impregnated on ceria and 1r/CeO, was formed. Then,
the obtained Ir/CeO2 nanoparticles separated from solution by centrifugation method
for 10 min, at 8000 rpm and dried at 60 °C for 12 hour under vacuum. Ir/ZrO> and
Ir/TiO2 nanoparticles were also obtained by the same experimental procedure. For
comparison, Ir/CeO2 samples with different iridium loadings were also prepared by
changing the amount of IrCls.xH2O. Ir content of the prepared catalysts were
determined as 2.44%, 1.13% and 0.63% wt. Ir for Ir/CeO2, Ir/ZrOz and Ir/TiOy,

respectively.

To modify GCEs, 61.5 mg of Ir/CeO>, 133.0 mg of Ir/ZrO, and 238.0 mg Ir/TiO2 were
sonicated for 1 h in 500.0 pL isopropanol, separately. 2.0 pL of these aliquots were
dropped onto previously cleaned GCEs. No nafion was used as a binder to attach the
aliquots to surface of electrodes. Prepared GCEs were dried at RT for 1 hour and

modified GCEs were ready to use for electrochemical studies.

For the all modified electrode, loading density of metals were kept constant as 85.7
ng.cm 2. To study the electrochemical activity of the catalyst in 0.5 M H2SO4
environment, LSV was used at 5 mV/s scan rate. The obtained results were presented
with respect to reversible hydrogen electrode (RHE). The conversion from Ag/AgCl to
RHE was done by using the equation; EvsrHe = Evs agiager + 0.210 + 0.059 pH. The EIS
measurements were conducted at potential interval between 210 and 250 mV vs.
Ag/AgCI (17 mV and 23 mV vs RHE) in the frequency range of 0.1- 100,000 Hz with
an amplitude of 5 mV. The electrocatalytic stability tests of Ir/CeO2 were conducted by
recording CV in the range of —0.50 to +0.50 V vs. Ag/AgCl at a 50 mV.s ! scan rate in
0.5 M H>S0Og solution.
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A.2. Synthesis, preparation and electrochemical studies of the catalysts for the
investigation of activity towards OER

A.2.1. Co containing catalysts

1 g of metal oxide (TiO2, ZrO, or CeO2) was stirred with the required amount of
aqueous CoCl,-6H20 in 100 mL of deionized water for 24 h. Then, Co?" ions were
reduced using NaBH4 solutions (mole of Co/ mole of NaBHj4 ratio is 1/5). The catalyst
was centrifuged at 8000 rpm and washed with plenty of DI water to remove residues
after reduction. The obtained Co/TiO,, Co/ZrO;, and Co/CeQO; catalysts were
characterized by ICP-OES, TEM, XRD, and XPS techniques. Loading of Co in the
prepared catalyst were found as 4.1 % wt. by means of ICP- OES).

For the ink solutions, 445.0 uL. of DMF, 5.0 puL of Nafion, and 37.0 mg catalyst were
mixed and further dispersed via 1 h ultrasonication. Subsequently, 5.0 uL of the
prepared ink solution was drop cast on the GCE and dried at room temperature
overnight. Before beginning the measurements, the working electrodes were treated
by oxidative constant current (0.071 mA.cm) electrolysis for 10 s. After conditioning,
the surface is covered with thin oxide layer. Therefore, Co/MO; can be considered as
CoOx/MOs..

LSV’s were recorded in the range of 0.0- 1.0 V vs. Hg/HgO with a scan rate of 20
mV.s1. At the scan rate lower than 20 mVs?, the catalyst surface blockage occurs by
the evolved O. gas bubbles, which decreases mass transfer capability. All the
potentials were converted to the reversible hydrogen electrode at pH =14 [Evs rHE = Evs
HgHgo + 0.915], and the LSV data were given after compensation for IR drop. The
stability experiments were conducted by chronopotentiometry method in 1 M KOH

solution at a constant current density of 10.0 mA cm 2.
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A.2.2. Ir containing catalysts
Synthesis of the Ir containig catalysts for the investigation of activity towards OER is
same with the procedure in HER part. To determine the electrochemical activities of
the synthesized iridium catalysts, surface of the GCE were modified with as-prepared
electrocatalyst ink and used as a working electrode. Required amount of catalyst,
Nafion (5.0 uL), and DMF (445.0 uL) were combined and sonicated during 1 h to
obtain catalyst ink. Subsequently, 2.0 uL of the prepared ink was dropped onto the
GCE (loading densities were kept constant as 51.58 pg.cm for all three catalyst) and
dried overnight at RT. The working electrodes were pretreated during 100 s with

constant current (-6x10** A) just before the measurements started.

Table Al. Theoretical and experimental loading level of the prepared catalysts

Loading Level (%)- Loading Level (%0)-

Theoretical Experimental

Rh/TiO2 4% 2.840.1
Rh/ZrO2 4% 2.740.1
Rh/CeO2 4% 4.1+0.1
Ir/TiO2 4% 0.63+0.01
Ir/ZrO2 4% 1.13+0.02
Ir/CeO2 4% 2.44+0.02
Co/TiOz 4% 4.2+0.2
Co/ZrO2 4% 4.2+0.2
Co/CeO2 4% 4.4+0.1
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APPENDIX B

B. COUNTER ELECTRODE EFFECT Pt vs. CARBON ROD

B.1. Characterization of Rh/TiO>

Titania (Ti0.) supported rhodium NPs (Rh/TiO2) were prepared by impregnation and
reduction of Rh®" ions on TiO, surface and characterized by several analytical
instruments. TEM analysis was performed to investigate the size of the Rh NPs. As
seen in Figure B1 a and b, highly dispersed Rh NPs (the mean particle size= 2.54 +
0.6 nm) were formed on titania (Rh particle size is in the range between 1.8 and 3.8
nm (Figure B1 (c)). TEM-EDX given in Fig B1 (d) confirms the presence of Rh NPs
on the surface of TiO2. However, due to the 0.5% wt. Rh loading, there is no peak
belonging to the Rh NPs in the XRD spectra (Figure B2 (b)). According to the XRD
results of TiO2 and Rh/TiOz, there is no change in crystal structure of titania after Rh
impregnation (Figure B2 (a-b)).
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Figure B.1. TEM images of Rh/TiO: (a, b), the histogram showing the particle size
distribution (c) and the corresponding TEM-EDX spectrum (d).
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Figure B.2. Powder XRD patterns of a) TiO> and b) Rh/TiO2 (0.50% wt. Rh).
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The oxidation states of Rh NPs in Rh/TiO2 were investigated with XPS analysis. As
seen in Figure B.3 (a), the peaks which belong to 3ds and 3ds» bands of metallic
rhodium appear at 306.7 eV and 311.3 eV, respectively. On the other hand, the peaks
at 308.2 eV and 312.7 eV show the oxides species of rhodium. The survey-scan XPS
spectra of Rh/TiO2 given in Figure B.3 (b) provides further evidence for the existence

of Rh(0) NPs on TiO2 nanopowder’s surface.
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Figure B.3. (a) XPS spectrum of Rh 3d bands, (b) The survey-scan XPS spectrum of
Rh/TiO,.

The Pt loading on the electrode was measured by ICP-MS. Thermo X2 Series
Inductively Coupled Plasma Mass Spectrometer was used for the determination of Pt
in the solution. The surfaces of the prepared electrodes were digested by HNO3
solution over 12 h. The amounts of metals in the solution were determined by ICP-
MS, and then used to calculate the amounts of metals on the electrode. The amount of
Pt deposited on Rh/TiO2-GCE after 500, 1000 and 2000 cycles as 0.52, 6.38 and 17.94

mole/mole ratio, respectively.
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B.2. Electrochemistry of Rh/TiO2-2000

An inspection of Table B.1 reveals that the Tafel slope of Rh/TiO2-2000 is closer to
that of commercial 10% Pt/C (27 mV.dec?) (Figure B4) and comparable to the
reported catalysts. Tafel slope is an important parameter to determine the mechanism
of HER. The calculated Tafel slope (32 mV.dec™) for Rh/TiO,-2000 modified GCE
indicates that the HER mechanism fits to the Volmer—Tafel mechanism and the rate
determining step is the electrochemical desorption of adsorbed hydrogen atoms. The
overpotential (1)) values at j=10 mA.cm? for R/Ti0O2-2000 and TiO, were found as 37
mV and 104 mV vs. RHE. The lower n of Rh/TiO>-2000 makes it superior over most
of the reported Rh based catalyst.
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Figure B.4.. a) The polarization curve of Rh/TiO2 modified GCE and 10% Pt/C in 0.5
M H2SO4 b) The corresponding Tafel plot of 10% Pt/C obtained from polarization
curve.

The durability of Rh/Ti02-2000 was tested by applying 10000 cyclic scans at a scan
rate of 50 mV.s? in H,SO4 solution (0.5 M). The polarization curves which were
obtained before and after the stability test (Figure B5) indicate that there is a negligible
change in the onset potential ( -29 mV), overpotential at j= 10 mA.cm (40mV@-10)
and Tafel slope (33.1 mV.dec?). According to these results, one may conclude that
Rh/Ti02-2000 is highly durable electrocatalyst and provides superior stability in HER

as compared to the various Rh catalysts in literature.
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Figure B.5. The polarization curve of Rh/TiO2 modified GCE before and after 10000
CV cycles in 0.5 M H>SO4 (10,000 cycles correspond to 55.5 h) Inset: The
corresponding Tafel plot obtained from polarization curve.

To investigate the intrinsic activity of Rh/TiO2-2000, the exchange current density (jo)
and TOF values were calculated. It was found that Rh/TiO2-2000 provides an exchange
current density of 0.686 mA.cm which is superior as compared to the reported Rh
based catalysts listed in Table 11. On the other hand, the TOF values calculated by
copper under potential deposition (UPD) method for Rh/TiO2-2000 in 1 M H2SO4
(Figure B.6) and they are found as 0.80, 1.44, and 11.45 s at 20, 50, and 100 mV (vs.
RHE), respectively (Figure B.6). Moreover, the TOF value was also calculated from
chronopotantiometry. For this purpose, constant current was applied at overpotential
of 100 mV for 1 h in 0.5 M H2SO4 then, the number moles of H, generated were
divided to the number of moles of Rh on the electrode surface and the time. According
to this calculation, TOF value was found to be 11.2 s at an overpotential of 100 mV
which is quite similar to the TOF value calculated from UPD method (Figure B.6). It
was reported that Pt catalyst exhibits a TOF value of 0.8 s* at 0 V in HER which is
the same as the TOF value obtained for Rh/TiO>-2000 at n = 20 mV.
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Figure B.6. a) Copper UPD in 1 M H2SOy4 solution before (red line) and after (black
line) of Rh/TiO2 and b) TOF vs n (mV) graph of Rh/TiO2 in 1 M H2SOa.

Electrochemical impedance spectroscopy (EIS) method was also studied to determine
the electrocatalytic activity of Rh/TiO,-2000 at the potential 240, 250, 260, and 270
mV vs. Ag/AgCl in 0.5 M H,SO4 (Figure B.6). From the 1 vs. log (1/RcT) plot (Figure
B.7b) , the Tafel slope value was calculated as 33 mV.dec? which is quite similar to
the one derived from LSV curve. Moreover, the electrochemical surface area, ECSA,
of Rh/Ti02-2000 was determined as 15.35 cm? by dividing Cpv (found as 6.14*10* F
CoL from impedance curve at onset potential) to specific capacitance of flat electrode
(Cs~40 pFem™)
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Figure B.7. a) The Nyquist plots for Rh/TiO, modified GCE at different overpotentials
and b) Tafel plot of Rh/TiO, modified GCE, obtained using Rct from the EIS.
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The HER activity of Rh/TiO2-2000 was also calculated from chronopotantiometry. A
constant current of 5.0 mA (corresponding to 1=100 mV) was applied for 1 h at ~25
°C in 0.5 M H2S0O.. The volume of the evolved H: gas from the water electrolysis was
measured in a Hoffman electrolysis cell and followed as a function of time (Figure
B.8). The Faradaic efficiency of Rh/TiO2-2000 for HER was calculated as 94% after
applying the charge of 18000 mC. The calculated yield is consistent with the
theoretical one and also comparable to that of the reported catalysts.

2.4+

@ RhYTIO,
= Theoretical value

2.0 4

1.6+

1.2 4

0.8 -

Volume of H2 (mL)

0.4 4

0.0 -

0 600 1200 1800 2400 3000 3600
Time (s)

Figure B.8. Volume of H> versus time graph during the galvanostatic electrolysis of
water using Rh/TiO2 modified GCE in 0.5 M H2SQOg4. Theoretical value was calculated

from the amount of electricity using the Faraday’s relation and ideal gas equation.
Efficiency 94.8%
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In this study, rhodium nanoparticles on TiO2 were successfully prepared by following
a facile impregnation-reduction method. Afterwards, electrochemical Pt dissolution
and deposition method was used by applying 2000 CV cycle treatment. The
electrocatalytic activity of Rh/Ti02-2000 on GCE with an ultralow mass loading of
rhodium (3.79 pg.cm™) in HER was investigated in acidic media. The enhancements
in activity of Rh/TiO2 should be directly related to the changes in architectural
configurations, which alter the electronic structures of the surface metals and/ or
facilitate alternate reaction mechanisms relative to pure Pt. Some studies were
designed to probe the electronic structures and nature of metal-metal bonding between
the metal overlayers and the metallic substrates. The results showed that work
functions of metallic films were altered from their bulk values due to the structural and
electronic effects of the underlying metal host. Electron transfer between metal
overlayers and their metallic hosts altered the metal-metal interactions and surface
electronic structures. Lowering the energy of the metal overlayer’s d-band center has
a significant impact on the interactions of the metal overlayer with adsorbate molecules
on the surface. The resulting changes in activation energies and bond enthalpies of

adsorbates have dramatic effects on the catalytic activities.

Rh/Ti02-2000 provides very low Tafel slope (32 mV.dec?), low overpotential (37
mV@ -10 mA.cm™), high exchange current density (0.686 mA.cm) and high TOF
value (11.45 s). The Faradaic efficiency of Rh/TiO2-2000 was found as 94% after
applying 18000 mC. The Tafel slope and overpotential @ -10 mA.cm™ values are
found to be nearly the same with the one obtained by using benchmark Pt/C catalyst.
Rh/Ti02-2000 on GCE provides high stability even after 10000 cycles in HER. There
is no noticeable change in the onset potential (29 mV), overpotential (40 mV@ -10
mA.cm), and Tafel slope (33.1 mV.dec™?) after the stability test.
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APPENDIX C

SUPPORTING INFORMATION

Table C.1. Some of the preliminary studies to find suitable catalyst and metal amounts

Catalyst Catalyst Isopropanol Nafion Amount of Rh in
amount (mg) amount (nL) amount 2 pL ink (ng)
(uL)
0.5 % RN/TIO, 21.0 1000.0 10.0 0.21
0.5% Rh/ZrO2 21.0 1000.0 10.0 0.21
0.5% Rh/HfO2 21.0 1000.0 10.0 0.21
0.5% Rh/AIZO3 21.0 1000.0 10.0 0.21
0.5% Rh/SiO2 21.0 1000.0 10.0 0.21
0.5 % Rh/CeO, 21.0 1000.0 10.0 0.21
0.5 % Rh/CeO, 105.0 1000.0 10.0 1.04
0.5 % Rh/CeO, 150.0 300.0 - 5.00
2.0 % Rh/CeO, 5.3 500.0 10.0 0.42
2.0 % Rh/CeO, 62.0 100.0 50.0 16.53
2.0 % Rh/CeO, 75.0 500.0 - 6.00
3.0 % Rh/CeO, 50.0 500.0 - 6.00
4.0 % Rh/CeO2 375 500.0 - 6.00
5.0 % Rh/CeO, 30.0 500.0 - 6.00
4.0 % Rh/TiO, 375 500.0 - 6.00
4.0 % Rh/ZrO, 375 500.0 - 6.00
5.0 % Rh/CeO, 30.0 1000.0 50.0 2.86
5.0% Rh/AI203 30.0 500.0 25.0 571
10.0 % Pt/C 15.0 500.0 - 6.0
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Figure C.1. a) Copper UPD of Pt/C in 1 M H>SOg solution, b) TOF vs  (mV) graph
of Rh/CeO2 in 1 M H2SOa.
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Figure C. 2. The Nyquist plots for Pt/C-GCE at different overpotentials (inset: Tafel
plot of Pt/C-GCE, obtained using Rct from the EIS)
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5 (b)

Figure C. 3. (a) SEM image and (b) SEM-EDX spectrum of Ir/CeQO..
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Figure C. 4. a, b) TEM images, c) the histogram and d) the corresponding TEM-EDX

spectrum of Ir/TiOo.
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Figure C. 5. a, b) TEM images, c) the histogram and d) the corresponding TEM-EDX

spectrum of 1r/ZrO;.
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Figure C. 6. EIS measurement of Co3O4 at a potential range between 650 mV and
700 mV vs. Hg/HgO and corresponding Tafel plots.
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Figure C. 7. Representative Bode plots of Co/MO2 (M= Ti, Zr, Ce) at a potential range
between 650 mV and 700 mV vs. Hg/HgO.
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Figure C. 8. Double layer capacitance values at a given potentials from EIS.
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Figure C. 9. a) Representative multi CV experiment of Co3O4 at different scan rates
( 10, 20, 40, 60, 80, and 100 mV/s ) for CpL determination in 1.0 M KOH; and b)
corresponding capacitive current versus scan rate plots at 0.27 V (vs. Hg/HgO).
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Figure C. 10. (a, b, ¢) The polarization curves of Co/MO; (M: Ti, Zr, Ce) and d) Co3O4
at the beginning and after 1-hour chronopotentiometry experiment (inset Figures) at

10 mA.cm?in 1.0 M KOH.

Table C. 2. Tafel slope values at different KOH concentrations for Co/TiO>.

Co/ZrO,, and Co/CeO»-

catalysts Tafel
slopes
10M
Co/TiO,  67.0
Co/zrO, 705
Co/CeO,  63.0

Tafel Tafel
at slopes at slopes
0.8 M 0.6 M
70.0 75.0
72.0 76.0
73.0 88.4
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Figure C. 11. Representative Bode plots of Ir/CeO- at a potential range between 700
mV and 780 mV vs. Hg/HgO in 1.0 M KOH.

Table C. 3. Arrhenius equation, definitions and units of the terms in the formula.

Jk

Ea

log jk=log (FKC)- Ea /2.303RT

the Kkinetic current density
Faraday’s constant
Kohlrausch coefficient
reactant concentration

the apparent activation
energy

the gas constant

the temperature
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mA.cm™
96485 C
dimensionless
mol.L*

J.mol?

8.314 J molt Kt

K



Table C. 4. Lattice oxygen evolution mechanism

Ojat + H20 — Ogge — OH+H* + e~ @
Ot —OH = Vo + Oz + HM + e~ )
Vo+H:0O =2 Qe —H+HY 42~ (3)
Oe —H = O + HY 4+~ 4)

*In Equations (1)—(4), O and Vo indicate an oxygen atom from the lattice and an oxygen vacancy,

respectively
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APPENDIX D

D.1. ELECTROCHEMICAL PROPERTIES OF METALS

D. 1. 1. Electrochemical properties of Rh, Ir, Co for hydrogen evolution

reaction

To examine the behavior of metals in 0.5 M H>SOg, the metals were deposited on the
surface of GCE using an acid solution prepared with metal salt. The behavior of
modified GCEs was observed using the DPV method. GCEs modified with metals
were first oxidized from 0.0 V to 1.7 V in 0.5 M H>SOs, then reduced from
1.7 Vto -1.5V, and finally reoxidized to 0.0 V. For the DPV measurements following
settings were used: step size= 2 mV, sample period= 0.2 s, pulse time= 0.05 s, and
pulse size = 5mV.

203



D.1.1.1. CoClsin 0.5 M H2SO4
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Figure D. 1. Differential pulse voltammograms of CoClsz in 0.5 M H2SO4
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Figure D. 2. DPV plots of CoCls examined as oxidation reduction-reoxidation in 0.5

M H2S04
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D.1.1.2. RhClsz in 0.5 M H2SO04
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Figure D. 3. Differential pulse voltammograms of RhClz in 0.5 M H2SO4
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D.1.1.3. IrClz in 0.5 M H2SO4
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Figure D. 5. Differential pulse voltammograms of IrClz in 0.5 M H2SO4
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Figure D. 6. DPV plots of IrClz examined as oxidation reduction-reoxidation in 0.5
M H2SO4
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Table D. 1. Oxidation reduction potential of CoCls, RhClz and IrClz in 0.5 M H2SO4

Oxidation (1) | Reduction (2) | Reduction (3) | Oxidation (4)
V vs. Ag/AgCl | Vvs. Ag/AQCI | V vs. Ag/AgCl | V vs. Ag/AgCI
CoCls 0.288 1.484 -0.835 -0.285
0.898 0.657
1.035 (onset) | 0.450
1.480 0.173
RhCls 0.127 1.205 -0.061 -0.279
0.262 0.793 -0.210 -0.149
0.484 0.423
1.040(onset) 0.196
IrCls 0.282 0.945 -0.079 -0.722
0.514 0.620 -0.730
0.877 0.401
1.178(Onset) | 0.123
1.419

D.2. Electrochemical properties of Rh, Ir, Co for oxygen evolution reaction

To examine the behavior of metals in 1.0 M KOH, the metals were deposited on the
surface of GCE using an acid solution prepared with metal salt. The behavior of
modified GCEs was observed using the DPV method. GCEs modified with metals
were first oxidized from 0.0 V to 1.7 V in 1.0 M KOH, then reduced from 1.7 V to
-1.5V, and finally reoxidized to 0.0 V. For the DPV measurements following settings
were used: step size= 2 mV, sample period= 0.2 s, pulse time= 0.05 s, and pulse size
=5mV.
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D.2.1. CoClzin 1.0 M KOH
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Figure D. 7. Differential pulse voltammograms of CoClz in 1.0 M KOH
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D2.2.2. RhClzin 1.0 M KOH
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Figure D. 9. Differential pulse voltammograms of RhCls in 1.0 M KOH
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D.2.3. IrClzin 1.0 M KOH
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Figure D. 11. Differential pulse voltammograms of IrCls in 1.0 M KOH
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Figure D. 12. DPV plots of IrCls examined as oxidation reduction-reoxidation in 1.0
M KOH
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Table D. 2. Oxidation reduction potential of CoCls, RhClz and IrCl3 in 1.0 M KOH

Oxidation (1)
V vs.

Reduction (2)
V vs.

Reduction (3)
V vs.

Oxidation (4)
V vs.

Ag/AgCl Ag/AgCI Ag/AgCl Ag/AgCl
CoCls 0.623 0.601 -0.265 -0.630
-0.620 (onset) -0.310
RhCls 0.676 0.679 -0.265 -0.560
IrCls 0.572 0.900 -0.265 -0.578
0.907 0.608 -0.540 0.261
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