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QUOTE 
 
 
 
 
“Fortunately science, like that nature to which it belongs, is neither limited by time nor 
by space. It belongs to the world, and is of no country and no age. The more we know, 
the more we feel our ignorance; the more we feel how much remains unknown.” 
         -Sir Humphry Davy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

vii 

 

 
 
TABLE OF CONTENTS 

SIGNATURE PAGE ................................................................................................................................... iii 

QUOTE ................................................................................................................................................... vi 

LIST OF FIGURES ..................................................................................................................................... xi 

LIST OF TABLES ................................................................................................................................... xvii 

PREFACE ............................................................................................................................................ xviii 

ACKNOWLEDGMENT ............................................................................................................................ xix 

VITA ..................................................................................................................................................... xxi 

ABSTRACT ........................................................................................................................................... xxv 

CHAPTER 1: OBJECTIVES ......................................................................................................... 1 

1.1 Background of Problem ............................................................................................................. 2 

1.2 Statement of Problem ............................................................................................................... 2 

1.3 Research Design ........................................................................................................................ 3 

1.4 Findings ..................................................................................................................................... 3 

CHAPTER 2: OXYGEN ELECTROCATALYSIS AND ITS CHARACTERIZATION ........ 7 

2.1  A Brief history of Fuel Cells and Electrolyzers .................................................................................... 7 

2.2  Fuel Cell Characteristics .................................................................................................................... 8 

2.3  Fuel Cell Performance and Cell Losses .............................................................................................. 9 

2.4 Thermodynamics and Reversible Voltages ....................................................................................... 11 

2.5 Introduction to ORR ........................................................................................................................ 12 

2.6 Electrochemical characterization components ................................................................................. 14 

2.7 Electrochemical characterization of fuel cells .................................................................................. 16 
2.7.1 LSV Characterization ....................................................................................................................... 16 
2.7.2 RRDE Characterization .................................................................................................................... 17 
2.7.2 CV Characterization ........................................................................................................................ 19 
2.7.3 Quantification of electrochemical active surface area (ECSA) ........................................................ 19 
2.7.3 Assumptions for electrochemical testing ........................................................................................ 20 



 

viii 

 

2.8 Introduction to Electrolyzers ........................................................................................................... 21 
2.8.1 Catalysis of OER/HER ...................................................................................................................... 21 
2.8.2 Electrochemical Characterization of Electrolyzers .......................................................................... 23 

2.9 Binding Conditions .......................................................................................................................... 24 

2.10 Materials Characterization ............................................................................................................ 25 
2.10.1. TEM .............................................................................................................................................. 26 

2.10.1.1. TEM procedures ................................................................................................................... 26 
2.10.1.3. TEM Theory .......................................................................................................................... 27 
2.10.1.4. TEM Aberrations .................................................................................................................. 28 
2.10.1.2. HRTEM .................................................................................................................................. 30 
2.10.1.2. EDX ....................................................................................................................................... 30 
2.10.1.2. SAED ..................................................................................................................................... 30 

2.11.3  FT-IR ............................................................................................................................................. 31 
2.11.3.1 Optics .................................................................................................................................... 32 
2.11.3.2 Bond Stretching and Bending ................................................................................................ 33 

2.12.4 XRD ................................................................................................................................................ 34 
2.12.4.1 XRD Spectra ........................................................................................................................... 34 
2.12.4.2 XRD Experimental .................................................................................................................. 36 
2.12.4.3 Quantification of mass ratio .................................................................................................. 36 
2.12.4.4 Quantification of particle size from XRD ............................................................................... 37 
2.12.4.3 Limitations ............................................................................................................................. 37 

2.13.5 XPS ................................................................................................................................................ 37 
2.13.5.1 Deconvolution of cerium based XPS ..................................................................................... 38 

2.14.5 Titration ........................................................................................................................................ 39 
2.14.5.1 Quantifying epoxides ............................................................................................................ 39 
2.14.5.2 Quantifying carboxyls ............................................................................................................ 39 
2.14.5.3 Quantifying hydroxyls ........................................................................................................... 39 

2.11: Reproducibility ................................................................................................................................ 40 
2.11.1 Electrochemistry Reproducibility .................................................................................................. 40 
2.11.2 Materials Reproducibility .............................................................................................................. 40 

CHAPTER 3: LITERATURE REVIEW .................................................................................... 46 

3.1. Hybrid catalyst for oxygen electrocatalysis ..................................................................................... 46 

3.2. Graphene oxide .............................................................................................................................. 47 
3.2.1. Synthesis methods of GO ............................................................................................................... 47 
3.2.2 Theoretical Structure of GO ............................................................................................................ 48 
3.2.3. Functionalization of GO ................................................................................................................. 48 
3.2.4 Heteroatom doping into GO ........................................................................................................... 48 

3.3 Metal Organic Frameworks ............................................................................................................. 50 

3.4 Methods of fabricating TMO-NC hybrids ......................................................................................... 51 
3.4.1 CVD ................................................................................................................................................. 51 
3.4.2 Electrodeposition ............................................................................................................................ 51 
3.4.3 Hydrothermal reaction ................................................................................................................... 52 

3.5. TMO/NC for ORR and OER .............................................................................................................. 53 



 

ix 

 

CHAPTER 4: CRITICAL IMPACT OF GRAPHENE FUNCTIONALIZATION FOR 
TRANSITION METAL OXIDE/GRAPHENE HYBRIDS ON OXYGEN REDUCTION REACTION
 ....................................................................................................................................................................... 65 

4.1 Introduction .................................................................................................................................... 65 

4.2 Methods ......................................................................................................................................... 65 
4.2.1 Preparation of TMO/graphene Hybrid Catalysts. ........................................................................... 65 
4.2.2 Material Characterization ............................................................................................................... 66 
4.2.3 Electrochemical Characterization ................................................................................................... 66 
4.2.4 Modeling and Computation ............................................................................................................ 68 

4.3 Results and Discussion .................................................................................................................... 70 
4.3.1 Functionalization of Graphene Surface. .......................................................................................... 70 
4.3.2 Physical Characterization of Hybrid Catalysts. ................................................................................ 71 
4.3.3 Electrochemical Characterization of Hybrid Catalysts .................................................................... 76 
4.3.4 DFT Computational Results ............................................................................................................. 83 

4.4 Conclusion ...................................................................................................................................... 86 

CHAPTER 5: HIGHLY ACTIVE BIFUNCTIONAL OXYGEN ELECTROCATALYTIC 
SITES REALIZED IN CERIA FUNCTIONALIZED GRAPHENE ...................................................... 90 

5.1 Introduction .................................................................................................................................... 90 

5.2 Methods ......................................................................................................................................... 91 
5.2.1 Preparation of hybrid catalysts ....................................................................................................... 91 
5.2.3 Electrochemical Characterization ................................................................................................... 92 
5.2.4 Modeling and Computation ............................................................................................................ 92 

5.3 Results and Discussion .................................................................................................................... 95 
5.3.1 Physical characterization of CeO2-fGO variants .............................................................................. 95 
5.3.2 Electrochemical properties of CeO2-fGO variants ........................................................................ 101 
5.3.3 Theoretical understanding of the activity of fGO and CeO2-fGO hybrid systems ......................... 107 
5.3.4 Operational durability ................................................................................................................... 114 

5.4 CONCLUSIONS .................................................................................................................... 115 

CHAPTER 6: 3D INTERFACE-ENGINEERED TRANSITION METAL OXIDE/MOF 
HYBRID STRUCTURES FOR EFFICIENT BIFUNCTIONAL OXYGEN ELECTROCATALYSIS 
IN ALKALINE ENVIRONMENTS ......................................................................................................... 121 

6.1 Introduction .................................................................................................................................. 121 

6.2 Experimental ................................................................................................................................. 122 

6.3 Results and Discussion .................................................................................................................. 123 
6.3.1 Physicochemical properties of hybrid catalysts ............................................................................ 123 
6.3.2 Electrochemical characterization of hybrid catalysts. .................................................................. 126 
6.3.3 Effects of heat treatment. ............................................................................................................. 133 



 

x 

 

6.3.4 Quasi-operando XPS analysis ........................................................................................................ 135 

6.4 Conclusion .................................................................................................................................... 135 

6.5 Experimental ................................................................................................................................. 136 
6.5.1 Sample Preparations ..................................................................................................................... 136 
6.5.2 Material Characterization ............................................................................................................. 136 
6.5.3 Electrochemical characterization .................................................................................................. 136 

CHAPTER 7: CONCLUSION AND IMPACT OF RESEARCH .......................................... 141 

7.1 Conclusion .................................................................................................................................... 141 

7.2 Impact of Research ........................................................................................................................ 142 

7.3 Future of Work .............................................................................................................................. 142 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

xi 
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Figure 1.1: The number, type, and annual cost of U.S. billion-dollar disasters from 1908-2019. Running 
annual cost (depicted as a purple line and shade of 95% confidence interval) and five-year average costs 
(depicted as a black line). The frequency and significance of disasters have increased in recent years, 
indicating that the costs of disasters are increasing. Inland flooding and severe storms are contributing the 
most towards the number of U.S. billion-dollar disasters. NOAA Climate.gov image, based on NCEI data. 

Figure 1.2: Overall oxygen reactions and its intermediates for ORR and OER in acidic media. An 
overpotential must pass the theoretical activation barrier to produce electrons (form water through ORR) 
and use electrons (split water through OER).  

Figure 1.3: Voltammograms obtained in 0.1 M KOH for ORR under O2-satured LSV curves at 1600 rpm of 
(a) G samples and (b) MOF samples; OER was obtained using similar conditions under N2-saturated LSV 
at 1600 rpm of (c) G samples (d) MOF samples. Curves have been IR-corrected.  

Figure 1.4: Volcano plots for both ORR (a) and OER (b) in terms of binding energy profiles (∆G) for their 
respective intermediates (ORR: OH* & OHH* binding; OER: O* & OH* binding). More information is 
presented in Chapter 2. When taking two of the best catalyst from each multidimensional carbon structure 
(C-hG and T-pMOF), we can see an improvement in potential across when compared to ∆G.  

Figure 2.1: A simplified cross-sectional schematic diagram depicting the operation of a H2-O2 fuel cells. 
HOR stands for hydrogen oxidation reaction.  

Figure 2.2: A typical current-voltage curve of fuel cells where the reversible voltage, open circuit voltage 
and three different types of voltage losses are depicted.  

Figure 2.3: Free energy profile of reactants and products for H2/O2 fuel cells. The reversible voltage of cell 
is determined by DGrxn while the reaction kinetics is affected by DGact.  

Figure 2.4: Charge transfer pathways and standard electrode potentials of ORR in alkaline and acidic 
media.  

Figure 2.5: (a) RDE with a typical 3 mm diameter of glassy carbon. A schematic diagram depicting (b) the 
three-electrode set-up during a half-reaction testing and (c) an Ag/AgCl reference electrode.  

Figure 2.6: A typical set of LSV curves the corresponding Koutechy-Levich plots at different disk 
potentials (inset). The data was obtained from Pt/C in O2-saturated 0.1 M KOH.  

Figure 2.7: An example of Tafel plot. Obtained from Pt/C in O2-saturated 0.1 M KOH at 1,600 rpm.  

Figure 2.8: An example of RRDE curve obtained from the reduction of ferricyanide to quantify the 
collection efficiency.  

Figure 2.9: (a) Triangular potential waveform provided to the working electrode for CV measurements. (b) 
A CV curve obtained by the application of triangular potential waveform.  

Figure 2.10: (a) A non-uniform and (b) uniform catalyst deposition on glassy carbon electrode examined 
under an optical microscope.  

Figure 2.11: A simplified cross-sectional schematic diagram depicting the operation of a H2-O2 water 
splitting.  

Figure 2.12 OER in alkaline and acidic media.  
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Figure 2.13: A typical LSV curve to show both ORR and OER.  

Figure 2.14: Overall oxygen reactions and its intermediates for ORR and OER. An overpotential must pass 
the theoretical activation barrier to produce electrons (form water through ORR) and use electrons (split 
water through OER). Second image includes volcano plots for both ORR (a)  and OER (b) in terms of 
binding energy profiles (∆G) for their respective intermediates (ORR: OH* & OHH* binding; OER: O* & 
OH* binding). When taking two of the best catalyst from each NCs (C-hG and T-pMOF), we can see an 
improvement in potential across when compared to ∆G.  

Figure 2.15 (a) Schematic of the transmission electron microscope b) comparison lens conditions between 
TEM imaging mode and TEM diffraction. Figure 2.15b is from the Practical Electron Microscopy and 
Database.  

Figure 2.16: Depicted above includes standard electron lens with spherical aberrations. (a) Rays at different 
angles to optic axis are focused on different points. TEM image shows the effects of spherical aberration 
(b) By blocking scattered rays, the spherical aberration is minimized with all rays being focused on the 
same point. Crispin Hetherington, Materials Today. 2004, 7:12.  

Figure 2.17: Schematic of (a) Chromatic aberration as a result of differential focusing of electrons of 
varying energies (b) Astigmatism effects as a result of non-isotropic directional focusing. Dominik Green et 
al. Biomedical Applications of Biophysics. 2010, 7:155-183 and Q. Xing et al. Ultrmicrocopy, 2008, 4:109 
and Rafel Dunin-Borkowski et al. Cambridge University Press 2016, 434-455. 

Figure 2.18: Schematic of the Michelson Interferometer.  

Figure 2.19: Diffraction of X-rays in accordance with Bragg’s Law where s0/	" is the incident wave vector 
and s/	" is the scattered wave vector.  

Figure 2.20: Notations often used for miller indices.  

Figure 2.21: Schematic of XPS.  

Figure 3.1: Schematic diagram depicting the Tour’s method.  

Figure 3.2: Three types of nitrogen bonding upon graphene: pyridinic, pyrrolic, and graphitic N. Schematic 
was used from Nitrogen-doped graphene and graphene quantum dots: A review on synthesis and 
applications in energy, sensors and environment.  

Figure 3.3: Depicts electrodeposition with a two-electrode system in suspension with an applied DC 
voltage. The green circles represents anions and the blue circles represent the metal cations that will be 
reduced and coated on a substrate during electrodeposition.  

Figure 3.4: Precursors are placed inside an HTM vessel. The HTM vessel is then placed inside an autoclave 
where two temperature zones exist. The precursors dissolve inside the hotter zone and the saturated 
aqueous solution at the bottom is moved to the top by convection. The cooler part of the autoclave acts as a 
counterflow of the solution. This becomes supersaturated, thus allowing the temperature to decrease for 
crystallization to occur.  

Scheme 4.1 Schematic drawing depicting surface functionalization of graphene oxide by acid treatments 
and hydrothermal reaction-based synthesis of TiO2/GO and ZrO2/GO hybrid catalysts.  

Figure 4.1 Graphitic rod versus Pt wire as the counter electrode. RDE voltammograms of (a) T-oG and (b) 
Z-hG in O2-saturated 0.1 M KOH at a sweep at of 5 mV s-1. No appreciable difference is found in the 
curve.  

Figure 4.2: The structures of functionalized graphenes and TiO2 slab, with a carboxyl group attached on (a) 
the edge site of graphene and (b) the basal plane site of graphene.  
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Figures 4.3 (a) FT-IR spectra of G, hG and oG. All measured after being dried. (b) XPS C 1s spectra of G, 
hG and oG. Binding energies of 284.0, 286.3 and 287.9 eV correspond to C-C/C=C, C-O/C-O-C and 
C=O/O-C=O bonding, respectively. (d) XPS O 1s spectra of G, hG and oG. Binding energies of 531.3 and 
532.2 eV correspond to C=O and C-OH bonding, respectively. 

Figure 4.4 TEM images of (a) T-G, (b) T-hG, (c) T-oG (d) Z-G, (e) Z-hG and (f) Z-oG. 

Figure 4.5: XRD spectra of (a) T-G, T-hG, T-oG and P25, and (c) Z-G, Z-hG and Z-oG. Co Ka radiation 
(l = 1.78897 Å) was used. Note the peak locations of background is marked in the bottom. JCPDS Card 
No. 21-1272 and 21-1276 for TiO2; ICDD Code No. 01-086-1451 for ZrO2. FT-IR spectra of (b) T-G, T-
hG and T-oG, and (d) Z-G, Z-hG and Z-oG.  

Figure 4.6: (a) XPS Ti 2p spectra of T-G, T-hG and T-oG. (b) Zr 3d spectra of Z-G, Z-hG and Z-oG. For 
standard TiO2 and ZrO2 spectra.  

Figure 4.7:  Wide scan XPS spectra of (a) functionalized graphene (G, hG and oG) and (b) TiO2/graphene 
and (c) ZrO2/graphene hybrid variants. Samples were drop-casted on a cleaned Si chip for the XPS 
analysis.  

Figure 4.8: LSV curves of (a) TiO2/graphene and (d) ZrO2/graphene variants obtained at a rotating rate of 
1,600 rpm in O2-saturated 0.1 M KOH solution. RDE LSV curves of (b) T-oG and (e) Z-hG in O2-saturated 
0.1 M KOH at a sweep rate of 5 mV s–1. Inset: the corresponding Koutechy-Levich plot at various disk 
potentials. Mass-transport corrected Tafel plots of (c) TiO2/graphene and (f) ZrO2/graphene variants 
derived from the LSV curves at 1,600 rpm. All voltammograms presented are IR-compensated.  

Figure 4.9: Rotating disk voltammograms of G, hG and oG in O2-saturated 0.1 M KOH at a rotating speed 
of 1600 rpm and a sweep rate of 5 mV s-1. Note that all the samples include black carbon additives for 
electrical conductivity. 

Figure: 4.10 Rotating disk voltammograms of T-oG, Z-hG in O2-saturated 0.5 M H2SO4 at a rotating speed 
of 1600 rpm and a sweep rate of 5 mV s-1. The onset potentials of T-oG and Z-hG are 0.77 V and 0.85 V 
versus RHE, respectively.  

Figure 4.11: Rotating disk voltammograms of (a) T-G, (b) T-hG, (c) T-oG and (d) Pt/C in O2-saturated 0.1 
M KOH at a sweep rate of 5 mV s-1. The inset shows the corresponding Koutechy-Levich plots at different 
disk potentials.  

Figure 4.12: Rotating disk voltammograms of (a) Z-G, (b) Z-hG, (c) Z-oG and (d) Pt/C in O2-saturated 0.1 
M KOH at a sweep rate of 5 mV s-1. The inset shows the corresponding Koutechy-Levich plots at different 
disk potentials.  

Figure 4.13: CV sweeps of (a) TiO2/graphene and (b) ZrO2/graphene hybrids at a scan rate of 50 mV cm-1 
in N2 (dotted) and O2-saturated (solid) 0.1 M KOH solution. 

Figure 4.14: The electron transfer number n (upper) and peroxide generation in percentage (lower) of (a) 
TiO2/graphene and (b) ZrO2/graphene variants deduced from the RRDE data. (c) Relative ORR current 
normalized by the initial current; based upon chronoamperometric voltammograms of T-oG, Z-hG and Pt/C 
at 0.4 V vs RHE at 1,600 rpm over ~12 h in O2-saturated 0.1 M. KOH.  

Figure 4.15: RRDE voltammograms of (a) TiO2/graphene. (b) ZrO2/graphene hybrids obtained in O2-
saturated 0.1 M KOH at 1600 rpm. Ring current (upper graph) and disk current (lower graph) are shown in 
dotted and solid lines, respectively. The disk potential was scanned at 5 mV s-1 while the ring potential was 
fixed at 1.3 V vs RHE. Presented after IR-compensation.  

Figure 4.16: Rotating disk voltammograms of (a) G, hG, oG and P25 and (b) T-oG and Z-hG in 1mM 
H2O2-containing Ar-saturated 0.1 M KOH at a sweep at of 5 mV s-1. Only T-oG and Z-hG in 1mM . 
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Figure 4.17: The structures of functionalized graphenes with (a) epoxy group, (b) hydroxyl group, and (c) 
carboxyl group on their basal planes. Their interface with {001}-TiO2 through (d) epoxy, (e) hydroxyl, and 
(f) carboxyl group. Each color represents an element; Blue: Ti, Red: O, Brown: C, Grey: H.  

Figure 4.18: The ORR process in the (a) TCG and (b) TEG interface. Double arrows correspond to the 
dissociation of oxygen molecules. Continuous and dashed lines represent the 4-electron and 2-electron 
transfer pathways, respectively. Note that the bonds between functional groups and graphene were omitted 
intentionally for better visibility (refer to Supplemental Information for the illustration of the bonds). The 
circular Inset figure shows a zoom-in illustration of the first-step of the 2-electron transfer – one H2O 
molecule disproportionate to one H atom, which forms a bond to a dissociated O and one OH. In the 4-
electron transfer pathway, the formed OH (enclosed by the dashed oval) is detached from the functional 
group producing another OH- in the solution. Credit: Dr. Eunseok Lee at the University of Alabama, 
Huntsville.  

Figure 4.19: Illustration of (a) TCG, (b) TEG, (c) ZCG, and (d) ZEG after one O2 molecule is dissociated 
and one water molecule is associated subsequently. The blue, grey, black, white, and red spheres 
correspond to Ti, Zr, C, H, and O. The yellow highlighted spheres indicate the dissociated oxygen (O*). 
For better visibility, only the bottom layer of slab structures, functional groups, O*s, and protons are 
displayed. Note that the structures in (a) and (b) are also shown in Figure 3.18. Credit: Dr. Eunseok Lee at 
the University of Alabama, Huntsville.  

Figure 5.1: (a) Calculated surface Pourbaix diagram for the activated C-hG system. Four most stable 
coverages of OH/O on graphene (8x2) supported on CeO2 (100) surface (6x1) were considered. For the 
main ORR and OER results shown in Figures 5.5 and 5.6 only the C-hG (clean) and C-hG (6/32 ML O*) 
were used. (b) Bulk Pourbaix diagram constructed from experimental free energies of Ce-H2O system at 
10-6 molal concentration of Ce and standard conditions. The experimental free energies are taken from 
Barin Thermochemical Tables. 

Figure 5.2: Solvation corrections obtained using global optimization of two layers of hexagonal H2O taken 
from Pt(111) and graphene solvation studies299,300 on top of C-hG-model. The simplified C-hG-model was 
used for computational efficiency. The calculated solvation corrections for this model relative to non-
solvated structures for b) OH*, c) O* and d) OOH* adsorbates are -0.116 eV, -0.083 eV and -0.327 eV, 
respectively.  

Figure 5.2: NMR spectra of C-hG and C-eG. C-hG was additionally characterized after an ORR scan and 
an OER scan in 0.1 M KOH solution for comparison. The quantified values are tabulated in Table 5.3. 

Figure 5.3: Cyclic Voltammetry with various scan rates for the ECSA quantification (a) Ni foam, (b) C-eG, 
(c) C-hG and (d) C-cG in 0.1 M KOH (e) Plot of difference of anodic and cathodic current density as a 
function of scan rate for C-G, C-hG, C-oG, and Glassy carbon (GC) in 0.1 M KOH. For visual clarity, CV 
curves obtained at only 5 selected scan rates (12, 20, 28, 36 and 44 mV s-1) are provided.  

Figure 5.4: (a) FT-IR and (b) XRD spectra of C-eG, C-hG and C-cG. Co Kα radiation (λ = 1.78897 Å) was 
used for XRD. Both C-eG and C-cG show the (200) diffraction of graphene sheet restacking at 26.5°, 
which is missing from C-hG. (c) XPS Ce 3d and (d) O 1s spectra of CeO2-fGO hybrid catalysts.  

Figure 5.5: Wide survey scan XPS spectra of GO-CeO2 hybrid catalysts. Si peaks are detected from the 
substrate on which the hybrid catalysts were placed.  

Figure 5.6: (a-c) HRTEM images of (a) C-eG, (b) C-hG, and (c) C-cG, revealing lattice fringes of cubic 
(111) and (220) planes in the majority of imaged CeO2 nanoclusters. (d) A zoomed-out TEM image of C-
hG and (e-g) their corresponding EFTEM elemental map of Ce, O and C, respectively.  

Figure 5.7: ORR voltammograms and processed data obtained in O2-satured (a-c) 0.1 M KOH and (d-f) 0.5 
M H2SO4. (a,d) LSV curves for ORR, (b,e) LSV curves for OER, (c,f) ORR/OER Tafel slopes and ORR 
electron transfer numbers (n). The electron numbers were obtained from RRDE measurements. All 
voltammograms were obtained at 1600 rpm.  
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Figure 5.8: RRDE ring current (upper-dotted line) and disk current (lower-solid line) obtained at a disk 
sweep rate of 5 mV s-1 while the ring potential was fixed at 1.3 V (1600 rpm). Obtained in O2-satured (a) 
0.1 M KOH and (b) 0.5 M H2SO4. (c,d) The peroxide yield and electron transfer number obtained based 
upon the RRDE voltammograms.  

Figure 5.9: Tafel plots and Tafel slopes for ORR (a,c) and OER (b,d) measured in 0.1 M KOH (a,b) and 0.5 
M H2SO4.  

Figure 5.10: ORR voltammograms in (a) 0.1 M KOH and (c) 0.5 M H2SO4; OER voltammograms in (b) 
0.1 M KOH and (d) 0.5 M H2SO4 for fGOs (eG, hG and cG) and CeO2. The curves for C-hG are provided 
for comparison.  

Figure 5.11: LSV curves in O2-saturated 0.1 M KOH solution for (a) C-G (b) C-oG (c) C-hG (d) Pt/C 
obtained at various rotating speeds at a sweep rate of 5 mV s–1. Inset: the corresponding Koutechy-Levich 
plot at various disk potentials. All voltammograms presented are IR-compensated.  

Figure 5.12: LSV curves in O2-saturated 0.5 M H2SO4 solution for (a) C-G (b) C-oG (c) C-hG (d) Pt/C 
obtained at various rotating speeds at a sweep rate of 5 mV s–1. Inset: the corresponding Koutechy-Levich 
plot at various disk potentials. All voltammograms presented are IR-compensated.  

Figure 5.13: (a) Important structural models of GO-ceria hybrid system. The picture insets show rendered 
atomic structures with hydrogen, carbon, oxygen and ceria atoms are shown as pink, grey, red and lime-
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PREFACE 
 
The basis for this research stems from my passion for developing efficient methods of 
energy conversion devices. As the world moves towards renewable technologies, greater 
strategies are needed than what is currently available now. Many scientists across the 
world will need to work together to solve current issues and for this reason, a dissertation 
has been to possibly provide some help in the fight against the greatest threat to our 
generation, climate change. The reader is asked to keep an open mind to our approach 
and, explore the ways how science can provide solutions to the world’s current problems. 
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ABSTRACT 
 

3D Interface-Engineered Transition Metal Oxide/Carbon Hybrid Structures for Efficient 
Bifunctional Oxygen Electrocatalysis in Alkaline and Acidic Environments 

by 
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Doctor of Philosophy in Materials and Biomaterials Science and Engineering 
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2021 
Chair: Prof. Ashlie Martini 

 
Use of regenerative fuel cells requires efficient bifunctionality in oxygen electrocatalysis: oxygen 

reduction reaction (ORR) and oxygen evolution reaction (OER). Commonly used noble metals like Pt and 
its alloys (Pt/Ir or Pt/Ru) are often used for their catalytic activity, selectivity and stability in harsh 
environments. However, Pt can degrade during operation from catalyst agglomeration and poisoning. 
Therefore, researchers have used non-precious transition metal oxides (TMO) including Fe3O4, MnOx and 
Co3O4 and/or nanocarbon structures (NC) as potential catalyst. Composite structures where TMO 
nanoparticles are deposited onto a NC, derived from either graphene oxide (GO) or metal-organic 
frameworks (MOFs), have often been used. NCs have high surface area and excellent electronic 
conductivity, and while many studies assert these types of composite materials exhibiting synergistic 
effects in oxygen electrocatalysis, efforts to elucidate the origin of the synergy is lacking. This doctoral 
research explores how functional groups present on the surface of NCs affect synergy (reaction route and 
kinetics) of these electrocatalysis. To incur catalytically active sites between the metal oxides and carbon, 
the NCs basal plane were functionalized using acid treatments, after which various types of TMO/NC 
hybrids were synthesized using either wet process or vacuum deposition techniques. 

The hydroxylated CeO2/graphene hybrids showed the best ORR and OER performance in both 
alkaline and acidic media, in terms of onset/half-wave potential, electron transfer number, and current 
density when compared to the performance of benchmark catalysts: Pt/C (for ORR) and IrO2 (for OER). 
From a series of material and electrochemical analyses, it was determined that a strong tethering of TMOs 
on graphene’s basal plane prohibited restacking and particle-carbon interfaces dictates the performance and 
reaction route, as indicated in density functional theory calculations. In addition, a hybrid catalyst of TiO2 
nanodots, uniformly anchored on phosphorylated carbon by atomic layer deposition (ALD), showed even 
better ORR and OER performance in alkaline media when compared the aforementioned CeO2/graphene 
hybrid. Materials characterization emphasized a strong adhesion of TMOs on MOF structures; thus 
providing ample surface interactions for a favorable reaction route. Therefore, an activation of catalytic 
sites can be realized by proper engineering of interfaces in each hybrid system.



 

1 

 

Chapter 1: Objectives 
Energy has been the source of mankind’s advancement throughout the ages. 

However, clean energy is needed to mitigate climate change, which is a national security 
issue for the country. It is widely accepted that the surging CO2 content over the last 
several decades has resulted in an increase by one degree to the average temperature of 
earth, which has caused an increased frequency of natural disasters. This has translated in 
rising costs of disaster relief in the US (Figure 1.1).1 For this reason renewable energies 
such as wind, solar, and tidal are intensively explored as the main energy source for the 
future, and the importance of large scale energy storage schemes such as rechargeable 
batteries and regenerative fuel cells (RFC) is ever increasing to address the fluctuating 
and unreliable production of these energies.2 Energy conversion from naturally formed 
states into a readily usable state continues to be extensively researched by scientists. 
Many examples of energy conversions exist, but the device of interest in this study 
involves the conversion of chemical energy to electrical energy and vice versa through 
the electrochemical processes. However, the performance of electrochemical energy 
devices such as fuel cells, electrolyzers, regenerative fuel cells (RFC) and metal-air 
batteries is often limited by the sluggish kinetics of oxygen electrocatalysis. This 
Dissertation addressed the challenge through better understanding the oxygen 
electrocatalytic processes and developing new catalysts to facilitate the process for these 
energy conversion devices and the likes.3–5 

 

 
Figure 1.1: The number, type, and annual cost of U.S. billion-dolor disasters from 1980-2019. Running 
annual cost (depicted as a purple line and shade of 95% confidence interval) and five-year average costs 
(depicted as a black line). The frequency and significance of disasters have increased in recent years, 
indicating that the costs of disasters are increasing. Inland flooding and severe storms are contributing 
the most towards the number of U.S. billion-dollar disasters. NOAA Climate.gov image, based on NCEI 
data. 
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1.1 Background of Problem 
The kinetically sluggish oxygen electrocatalytic processes includes oxygen 

reduction reaction (ORR) and oxygen evolution reaction (OER) processes the major 
cause of power losses in fuel cells, electrolyzers and metal-air batteries due to their 
sluggish kinetics. Activation overpotential is the voltage needed to drive electrochemical 
reactions such as ORR and OER at a desired rate. Figure 1.2 shows the multiple steps and 
resulting intermediates of ORR and OER.3,6–8 More discussion is provided in Chapter 2 
on the thermodynamics and kinetics of these reactions.  

 

 
Figure 1.2: Overall oxygen reactions and their intermediates for ORR and OER in acidic media. An 
overpotential must pass the theoretical activation barrier to produce electrons (form water through ORR) 
and use electrons (split water through OER). 

 
Scientists have minimized activation losses by using a noble metal-based catalyst 

whose activation barrier for ORR and OER process is significantly lower than other 
materials. However, many noble metals are expensive and susceptible to “poisoning” 
(deactivation with time). Among many, nonprecious transmission metal oxides (TMO) 
including Fe3O4 , MnOx and Co3O49 have attracted significant attention as alternative 
catalysts. TMOs are often dispersed on a carbon nanostructure with a large surface area 
to supplement relative low electronic conductivity of TMOs and to maximize 
catalytically active sites per volume and mass.10 Widely explored carbon nanostructures 
used TMO/carbon hybrid catalysts include graphene (2D carbon) and metal-organic 
frameworks (MOF)-derived 3D carbon.11,12 Nanocarbon structures (NCs) and TMOs are 
combined together through functional oxygen groups (FOGs); a more exhaustive 
literature review is provided in Chapter 3. However, few studies have explored the role of 
FOGs in the catalytic activity of TMO/NC hybrids.7,13–16  
 
1.2 Statement of Problem 

The objectives of my study are: 
 

(1) To study the effects of interfaces between NCs and TMOs on electrochemical 
performance and durability for ORR and OER. 
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(2) To develop high-performance NC/TMO hybrid electrocatalysts for ORR and OER 
based upon the studied property-performance correlation. 

 
1.3 Research Design 

To study the impact of interfacial properties on the electrocatalytic performance, 
we varied NCs, TMOs, and FOGs. Graphene oxide/TMO samples were fabricated using 
the hydrothermal process (Chapters 4 & 5) while metal-organic frameworks/TMO 
samples were made using the hydrothermal process, atomic-layer deposition, and heat 
treatment (Chapters 6). We utilized a potentiostat to perform typical electrochemical tests 
to determine the catalysts performance toward both ORR and OER. Additional materials 
characterization techniques were performed to correlate the property and performance. 
 

1.4 Findings 
As seen Table 1, 32 variations of the three NCs, FOGs, and TMOs were 

fabricated. Of these, only nine variations of graphene oxide-based hybrid catalysts and 
three variations of MOF-based ones were successfully fabricated using acid treatment to 
induce FOGs. These 16 catalysts were tested using both materials and electrochemical 
characterization techniques. The following includes a list of successfully fabricated 
catalyst in italics bold: 

 
Table 1.0 Nanocarbon structures, functional oxygen groups, and transition metal oxides potential catalyst 
variations. 
 

Nanoarbon Structures (NCs) 
Functional Oxygen Groups 

(FOGs) 
Transition Metal Oxides 

(TMOs) 
 

Graphene Oxide (G) 
 

Metal-Organic Framework-
derived carbon (MOF) -MOF 

 
Epoxy (e) -eG 

 
Carboxyl (c) -cG 

 
Hydroxyl (h) -hG 

 
Phosphate (p) -pMOF 

 
TiO2-x (T)  

T-eG, T-cG, T-hG, and T-pMOF 
 

ZrO2-x (Z)  
Z-eG, Z-cG, Z-hG, and Z-pMOF 

 
CeO2-x (C)  

C-eG, C-cG, and C-hG 
 

 
Sample preparation, detailed in Chapters 4-6, for both G and MOF (i.e. MOF-

derived carbon structures) allowed TMOs to be adsorbed onto them. Due to optimal 
chemisorption conditions for T-cG, Z-hG, C-hG, and T-pMOF, the catalyst within their 
own series outperformed others in OER/ORR as revealed by both density functional 
theory (DFT) calculations and electrochemical testing (Figure 1.2). 
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Figure 1.3: Voltammograms obtained in 0.1 M KOH for ORR under O2-saturated linear sweep 
voltammetry (LSV) curves at 1600 rpm of (a) G samples and (b) MOF samples; OER was obtained using 
similar conditions under N2-saturated LSV at 1600 rpm of (c) G samples (d) MOF samples. Curves have 
been IR-corrected. 

 

Using onset potentials for our catalysts as seen in Figure 1.3 with accompanying 
DFT calculations to describe intermediate binding ∆G energy profiles and comparing 
them to other catalysts, the following volcano plot can be obtained (Figure 1.4). In 
general, those catalyst that are nearest the peak allow for the most “optimal binding” 
conditions. Platinum and iridium-based alloys tend to be nearest to the peaks, hence, are 
often the most favored catalyst; detailed discussion is provided in Chapters 3.   
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Figure 1.4: Volcano plots for both ORR (a) and OER (b) in terms of binding energy profiles (∆G) for their 
respective intermediates (ORR: OH* & OHH* binding; OER: O* & OH* binding). More information is 
presented in Chapter 2. When taking two of the best catalyst from each nanocarbon structure (C-hG and T-
pMOF), we can see an improvement in both limiting potential across and ∆G of intermediates. 

 

The best performing graphene-based catalyst (C-hG) and MOF-based catalyst (T-
pMOF) show close proximity to the peak when compared to the non-optimal 
chemisorption (C-eG and MOF) catalyst. Chapters 4-6, will provide further insight on 
how FOG affects the ORR/OER activity and reaction pathway of resulting carbon/TMO 
hybrid catalysts. An optimized combination of carbon structure, FOGs and TMOs 
enhances performance and durability as a result of effective interfacing between NCs and 
TMOs. A combination of experimental observations and DFT calculations leads to a 
design guideline for carbon/TMO hybrid catalysts for oxygen electrocatalysis. The 
significance of this discovery will enable scientists to create a library of optimal 
combinations along with their respective characterielies from which other scientists can 
access, provide help to achieve industrial and governmental efforts to realize cost-
effective, durable and efficient energy conversion. Other applications of the TMO, NC, 
and FOG hybrids include the general field of electrochemistry, synthetic chemistry and 
nanotechnology in general, as most catalyst used for energy conversion devices are also 
used for other wider range of applications including biological cell pathways, water 
purification, fuel synthesis, etc.  

The following chapters provide an explanation for the operation of conversion 
devices (Chapter 2), the progress scientist have made so far (Chapter 3) and the meaning 
and explanation of the Dissertation’s findings (Chapter 4-6). 
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Chapter 2: Oxygen Electrocatalysis and its Characterization 
 
2.1  A Brief history of Fuel Cells and Electrolyzers 

Fuel cells generate clean energy using pure H2 with only one, non-lethal 
byproduct – water. Unlike conventional combustion engines, fuel cells convert chemical 
energy directly into electrical energy without an intermediate step (not to be confused 
with reaction intermediates) and moving parts, making the energy conversion 
intrinsically efficient. Unlike batteries, where the scaling of energy and power is 
separable, the scaling of energy and power in fuel cells can be separated. The scaling of 
energy and power are related to the fuel storage capacity and cell size, respectively.1 
Additionally, fuel cells can generate power continuously without a separate recharging 
phase, provided that fuel is supplied.  

Electrolyzers are very similar to fuel cells with the exception that the direction of 
reaction is reversed; pure water is split into hydrogen and oxygen when using an external 
energy input. The reactant of a fuel cell is the product of an electrolyzer, and vice versa. 
Both a fuel cell and an electrolyzer can be integrated in a given cell to save space and 
weight, which is called a unitized regenerative fuel cell.2  
Brief History: Fuel Cells 

The Ancient Greeks (~600 BC) discovered how attraction (static electricity) could 
result from rubbing fur on amber and decided to “harvest” this energy to better serve the 
Greek society. However, it would be nearly 2,400 years until further progress would be 
made by British chemist Sir Humphry Davy. He pioneered the field of electrolysis by 
inducing a non-spontaneous chemical reaction using direct electric current to isolate 
various elements including potassium, sodium, magnesium and others. He compared the 
forces that were involved to separate these elements from compounds, thus creating the 
new field of electrochemistry.3 Using a “reversed” reaction, Davy produced water from 
hydrogen and oxygen. It is noted that this is a point of contention, as some believe the 
physical chemist Sir William R. Grove generated electricity by a spontaneous process 
using water to create hydrogen and oxygen. Regardless, this would lead to Groves 
invention in 1839 of the first phosphoric acid fuel cell using zinc and platinum electrodes 
separated by a porous ceramic pot. Years later, Grove developed the first fuel cell that 
used both hydrogen and oxygen, which he termed gas voltaic batteries (Grove cell).4 

Charles Langer and Ludwig Mond attempted to enhance Grove’s fuel cell by 
using both air and coal gas that relied on a porous, non-conducting diaphragm. This, 
however, suffered from catalyst poisoning and was later discarded for the more practical 
and cheaper alternative at the time, the combustion engine.5,6 

The first successful fuel cell was developed by Francis Thomas Bacon using 
alkaline electrolyte and nickel electrodes in 1932. Later, in 1955, W. Thomas Grubb 
replaced the alkaline electrolyte with the polymer ion-exchange membrane that would be 
termed the proton exchange membrane fuel cell (PEMFC). Later, Leonard Niedrach 
coated the membrane with platinum for a more efficient reaction that would be later used 
for the Gemini project (as developed by General Electric7), the second human controlled 
spaceflight program of NASA. Other missions using this technology included the 
provision of not only electricity, but portable water to the space shuttle.8  
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Brief History: Electrolyzers 
Shortly after the discovery of electricity, J.R Deiman and A.P. van Troostwijk in 

1789 used an electrostatic generator to discharge electricity through gold wires inserted 
into a tube filled with water, causing gasses to be evolved.9,10 Sir Anthony Carlisle, a 
surgeon by trade, and William Nicholson discovered electrolysis by applying a potential 
through water and splitting it into oxygen and hydrogen in 1800. Later, in 1869, Zenobe 
Gramme used both Carlisle’s and Davy’s electrolysis to create the Gramme machine to 
cheaply produce hydrogen. A more industrial version to produce hydrogen and oxygen 
from water was developed by Dmitry Lachinov in 1888.11 This would come after Michael 
Faraday’s laws stating that the amount of material produced (or liberated) at an electrode 
during an electrochemical reaction is directly proportional to the total conducted charge.12 
By 1902, more than 400 water electrolyzers were already in operation. Industry would 
continue to improve this technology throughout the 1930-1970s.9 
 
2.2  Fuel Cell Characteristics 

 
Fuel cells, like any other electrochemical devices, are made of three components: 

anode, electrolyte, and cathode. The anode splits H2 and converts it into protons (H+) and 
electrons. In the case of PEMFC, the protons pass through the electrolyte to recombine 
with oxygen at the cathode side and produce water while the electrons take a separate 
route before reaching the cathode. For alkaline fuel cells (AFC; Figure 2.1), oxygen is fed 
into the cathode side. The hydroxide ion, when passing through the electrolyte, will be 
recombine with protons at the anode side producing water as the final product. Note for 
both types of fuel cells, the anode generates electrons while the cathode consumes them.1 
The electrolyte of a PEMFC is based on a polymer backbone with side-chains containing 

 
Figure 2.1: A simplified cross-sectional schematic diagram depicting the operation of a H2-O2 fuel cell. 
HOR stands for hydrogen oxidation reaction. 
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acidic moieties while alkaline fuel cells use neutral to alkaline media.13,14,15 As for 
electrodes in both fuel cells, the following characteristics are required:  

• High catalytic activity 
• High surface area 
• High triple phase boundary area 
• High electronic conductivity 
• High chemical stability/corrosion resistance 
• Low cost; abundance of material 

To maximize the catalytic activity per mass, most fuel cells utilize highly active 
catalyst nanoparticles (e.g. platinum) dispersed on a high-surface-area carbon.1 Despite 
the benefits fuel cells can provide, they can suffer from: poisoning as a result of a 
sensitivity to fuel impurities, low temperature waste heat, and expensive materials such as 
platinum/platinum alloys used as the ORR catalyst.8 While platinum may have extremely 
high activity due to its bond affinity to hydrogen, it can suffer from CO poisoning.16–18 
One way to prevent this is by making platinum particles extremely small or using a 
secondary component such as ruthenium, tin, tungsten or rhenium that are alloyed with 
platinum particles. Ruthenium is often used as an alloy with platinum due to its ability to 
create new absorption sites to remove CO poisoning19 and must be small enough to 
increase the electrochemically active surface area. However, formidable cost has impeded 
further development of a platinum/ruthenium catalyst.1 For this reason, extensive 
research has been directed towards the development of cathodes including Pt-Ni, Pt-Cr, 
Pt-Ti, Pt-Mn, Pt-Co and Pt-Fe.20 For example, Pt-Co catalysts have attracted special 
attention due to their impressive catalytic behavior and smaller degradation rates than the 
favored platinum with carbon (Pt/C).21 Metal oxides also have been widely studied as a 
replacement for platinum-based catalysts, due to their cost effectiveness and sufficient 
activity towards ORR.22 Metal oxides can also leach (especially for PEMFC) into the 
electrolyte and poison the cell, which unfortunately adds to an already accelerated 
degradation, corrosion, and deactivation generally seen in platinum based catalysts.23–27  
Some researchers have designed a pre-leaching processes that alleviates the effects of 
leaching from a catalyst. This includes the removal of the base-metal/poorly bound 
particles on the carbon structures.1 However, these techniques have not been entirely 
successful for all catalysts that are used in corrosive media.1,12,28,29 

 
2.3  Fuel Cell Performance and Cell Losses 

The cell potential is determined by the thermodynamically determined potential 
(reversible voltage) and cell voltage losses: !	 = 	$!"#$%& 	− 	&'(!	–	&&"%)( 	–	&(&*( 
where V is the actual output voltage of the fuel cell, $!"#$%& is the predicted reversible 
cell potential output,  &'(! is the activation loss originated from the activation barrier for 
electrochemical reactions, &&"%)(  is the ohmic loss from both electronic and ionic 
conduction, and &(&*( is the concentration loss due to limited mass transport. Activation 
loss (&'(!) is due to the sacrificed potential used to overcome an activation barrier; an 
active catalyst will have a lower “barrier height” and thus, have a smaller activation loss. 
Ohmic loss originates from the “friction” that moving electronic and ionic charges 
experience during their migration under an electric field. Ionic conduction loss, which is 
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usually much larger than the ohmic loss from electronic conduction, occurs during the 
movement of ions through an electrolyte. Finally, the concentration loss is due to the 
limited availability of reactants and/or incomplete removal of products from the reaction 
sites. Mass transport is the process of supplying reactants and removing products. These 
uncharged species are affected by the convective and diffusive forces of movement rather 
than a voltage gradient. Figure 2.2 shows a typical current-voltage curve from an 
electrochemical cell.1,30  

 

Figure 2.2: A typical current-voltage curve of fuel cells where the reversible voltage, open circuit voltage 
and three different types of voltage losses are depicted. 

 
A major factor of &'(! is the exchange current density, which is the equilibrium 

charge transfer rate at which reactants and products are exchanged without an activation 
overpotential. Therefore, a higher exchange current density represents an intrinsically 
faster reaction. To increase the exchange current density, a kinetically favorable catalytic 
material should be used. To minimize &&"%)(  with a given electrolyte material, the 
thickness of the electrolyte, through which ions travel, should be minimized. However, 
when decreasing the thickness, one should ensure that the electrolyte is not subjected to:  

• mechanical degradation 
• short-circuiting  
• high contact resistance (delamination; non-conformality) 
• dielectric breakdown  
• fuel crossover  

When the electrolyte is too thin to endure the electric field, the electrolyte may 
suffer from a dielectric breakdown and also short-circuiting (massive uncontrolled 
electronic current) between two electrodes. Fuel can also cross a very thin electrolyte and 
reach the “air electrode” side, which leads to a Nernstian loss. To minimize the &(&*(, 
both an efficient supply of reactants (e.g. oxygen or hydrogen) and removal of products 
(e.g. water) are necessary. 
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2.4 Thermodynamics and Reversible Voltages 
To quantify the reversible voltage of a cell in various conditions, a brief 

discussion on related thermodynamics is necessary. The energy conservation requirement 
of a system leads to: 

                                         () = (* − (+  (2.1) 
where dU is the internal energy of the closed system, dQ is the heat transferred to the 
system, and dW is the work done by the system. As the work is equal to the pressure 
times the volume change, assuming constant volume, the energy conversion is described 
as: 

                                         () = (* − .(!  (2.2) 
In a reversible process, from the known relationship of (* = /(0 from the second law of 
thermodynamics, the following equation is acquired: 

                                         () = /(0 − .(!  (2.3) 
Using the Legendre transform and several substitutions, we derive Gibbs free energy of 
reaction (see Figure 2.3) as: 

                                         (1 = −/(0 + !(.  (2.4) 
Taking both equations (2.3) and (2.4), and considering mechanical and electrical work 
only (dW = pdV + dWelec), we obtain: 

                                         (1 = 	−(+#+#(  (2.5) 
 
where Welec is the maximum amount of “useful work” in the form of electrical work 
extractable from the system.  
On the other hand, the electrical current is: 

                                         3# = 45 ,-
,!
= 356    (2.6) 

where n is the moles of electrons generated per mole of reactant, F being Faraday’s 
constant and 6 ((&/(9) being the rate of the electrochemical reaction (in mol/s). If we 
relate the potential difference to equation (2.5) and (2.6) the following is observed: 

                                         Δ1 = 	−45$  (2.7) 
where $ is positive if the reaction is spontaneous.  
The chemical potential (µ) as defined as: 

                                         <),/ =	
,0
,*!1,2,*,345

 (2.8) 

where µ),/is the chemical potential of species 3 in phase 6, and ((1/(4)) expresses the 
change in Gibbs free energy of the system by the incremental increase of 3  species 
amount under all else constant. If we consider a reaction having the following: 

>? + @A ↔ 	C$ + D5 
where ?  and A  are reactants, $  and 5  are products, and their lowercased counterparts 
represents their number of moles. Solving for the differential in (2.8), we have 

            ∆1	 = 	 (Cµ6 	+ 	Dµ7) −	(>µ8 	+ 	@µ9) + 	F/G4
:"
#∗	:$

%

:&
'∗:(

)   (2.9) 

where X is the mole fraction. 
Recognizing that (Cµ$	 + 	Dµ5) − (>µ?	 + 	@µA) is the standard-state molar free-energy 
change for the reaction (E=), we obtain the reversible potential, E, by applying equation 
(2.7) 
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                                          $ = $= − 	F/G4 :"
#∗	:$

%

:&
'∗:(

)   (2.10) 

The relation is known as the Nernst equation.1,31,32  

Figure 2.3: Free energy profile of reactants and products for H2/O2 fuel cells. The reversible voltage of the 
cell is determined by DGrxn while the reaction kinetics are affected by DGact. 

 

2.5 Introduction to ORR 
Oxygen reduction reaction (ORR) is an electrochemical reaction that occurs in the 

cathode of a fuel cell. Due to its sluggish kinetics compared to HER, intensive research 
has been performed to improve the ORR kinetics and understand the mechanism of ORR. 
The charge transfer route for ORR depends on the type of intermediates.33 
Table 2.0: Selected list of standard electrode potentials in alkaline and acidic aqueous electrolytes.            

Electrolyte Pathway ORR reactions EoNHE, (Vvs.NHE ) 

Alkaline  

aqueous 

solution 

Four-electron pathway O2 + 2H2O + 4e-à 4OH- 0.401 V 

Two-electron pathway 
O2 + H2O + 2e-àHO2- + OH- 

HO2- + H2O + 2e-à 3OH- 

-0.076 V 

0.878 V 

Acidic  

aqueous 

solution 

Four-electron pathway O2 + 4H+ + 4e-à 2H2O 1.229 V 

Two-electron pathway 
O2 + 2H+ + 2e-à H2O2 

H2O2 +2 e-à2H2O + O2 

0.695 V 

1.776 V 

 

The ORR process on a catalyst can take multiple routes as shown in Figure 2.4 for 
two types of media: alkaline and acidic. In alkaline media, two general routes are 
possible. One is the production of an OH- through a 4e- electron pathway, and the other is 
the production of the peroxide ion through a 2e- pathway. In the desired 4e- pathway 
route, an ORR catalyst reduces oxygen molecules into OH- without going through an 
intermediate (peroxides).1,8,33,34 Incomplete reduction of oxygen to the peroxide ion not 
only leads to a low energy conversion efficiency, but creates free radical species as a 
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reaction intermediate. As for acidic media, through a 4e- electron pathway, molecular 
oxygens are reduced directly to H2O by combining with protons while the 2e- pathway 
produces hydrogen peroxides as a reaction intermediate. 
 

Figure 2.4: Charge transfer pathways and standard electrode potentials of ORR in alkaline and acidic 
media. 

 
Nonequilibrium reactions are important as they can generate a net current in a fuel 

cell by sacrificing electric potential at both the cathode and anode components. An 
electric overpotential can change the activation barrier of the reaction. By providing an 
external energy (or by applying an overpotential) to a cell, the electrochemical potential 
of the cell deviates from the thermodynamically determined cell potential (galvani 
potential), and thus a net current is generated. The Butler-Volmer equation provides a 
means of quantifying a net current generated from an electrochemical reaction, which 
increases exponentially with the activation overpotential.1,8,35 The Butler-Volmer 
equation is given as 

                                         j = 	 J=(C
*+$,
-. −	C

/(1/*)+$,
-. )  (2.11) 

where j0 (at equilibrium) is the current densities for the forward and reverse reactions, N 
is the activation overvoltage (sacrificed voltage to overcome a electrochemical reaction’s 
barrier), and a is the transfer coefficient. The transfer coefficient depends on the 
symmetry of the activation barrier and expresses how the change in potential across the 
catalysts interfaces changes the size of the forward reaction vs the reverse reaction at a 
given j0. 
 
The produced net current can be increased by: 

• Increasing reactant concentration 
• Decreasing activation barrier (high activity catalysts) 
• Increasing temperature 
• Increasing electrolyte/electrode interfacial area. 
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2.6 Electrochemical characterization components 
The ORR performance is mainly quantified by electrochemical characterization 

techniques, such as linear voltammetry and electrochemical impedance spectroscopy 
(EIS) in a static, rotating disk electrode (RDE) or rotating ring-disk electrode (RRDE) 
setup. RDE was first developed by Veniamin (Benjamin) Levich at the Institute of 
Electrochemistry at the Academy of Sciences of the USSR in 1952.36 The disk rotation in 
RDE induces a continuous electrolyte flux toward the active electrode, thereby 
replenishing homogeneous and fresh electrolyte into what is known as the hydrodynamic 
boundary layer. This action of replacing electrolyte also follows a removal of the reacted 
species away from the electrode surface, making the overall reaction at the disk “less 
limited” by mass transport kinetics.8,36,37 Therefore, a higher angular speed of disk 
warrants a higher flux of the electrolyte, making mass transport kinetics even “less 
limiting” to the overall reaction. Under a polarization, the potential of the electrode at the 
hydrodynamic boundary layer shifts away from its equilibrium, causing an 
electrochemical half reaction.38 Using Fick’s second law and fluid dynamics (convection-
diffusion concepts),33 the estimated diffusion layer thickness is: 

                                         D>?@ABCDEE 	= 	1.61DF
G/InG/JwKG/L	  (2.12) 

where Do is the diffusion coefficient of a particular gas in a specific molar concentration 
electrolyte, n is of the kinematic viscosity of the electrolyte, and w is the angular rotation 
rate of disk. Using Equation 2.12 and principles of a convection/diffusion system towards 
a rotating disk electrode, where the only oxidized form of the ion is initially present in the 
electrochemical cell, we arrive at the Levich equation of limiting current density, 

                                         OM 	= 	0.6245RF
L/InKG/JwKG/L  (2.13) 

where n is the number of moles of electrons per reaction. Combined with the Koutecky 
equation: 

                                         O/ = 45STF	   (2.14) 
where Jk is the kinetic limiting current density and F is Faraday’s constant, we arrive at 

the Koutecky-Levich equation1: 

                                         
G
N
=	 G

N3
+	 G

N4
				   (2.15) 

In an RDE setup, voltammetry can be performed by controlling either the current 
or voltage while measuring both. One particular form of voltammetry includes linear 
sweep voltammetry (LSV) where the following occur simultaneously: 

(1) The current at the working electrode (WE) is measured, 
(2) The potential between the WE and reference electrode (REF) is swept linearly 

in time at a specific rate (
,O
,!

), 
(3) The counter electrode (CE) completes the charge circuit in the cell (not 

depicted).  
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Figure 2.5: (a) RDE with a typical 3 mm diameter across the glassy carbon electrode and plastic holder 
(seen in light brown). A schematic diagram depicting (b) the three-electrode set-up during a half-reaction 
testing and (c) a Ag/AgCl reference electrode. 

 
A common disk component used for RDE, as part of the WE as seen in Figure 

2.5a, is glassy carbon. Glassy carbon is widely used due to its resistance against 
deformation in high temperature and corrosive environments while being impermeable to 
gases and liquids. By utilizing glassy carbon’s ability, a well-defined hydrodynamic 
boundary layer can form when a catalyst is deposited onto the glassy carbon.8  

The type of electrolyte used for electrolysis determines the type of REFs are used. 
For acidic electrolyte, the most frequently used reference electrode is the silver-silver 
chloride electrode (Ag/AgCl REF). Ag/AgCl REF contains a silver-rod (coated with 
silver chloride) inside a glass vial that is filled with potassium chloride (mostly in ~ 3.5 
M), as seen in Figure 2.5c. When subjected to a large polarization in the WE, the 
Ag/AgCl REF can accommodate the high flux of redox reactions and remain in a quasi-
equilibrium state between AgCl and Ag. This quasi-equilibrium state creates stability 
during measurements in acidic enviroments.8 Also, Ag/AgCl performs well in acidic 
electrolyte due to the ions, such as Cl- from a hydrochloric acid based media, having little 
to no impact on the concentration of chloride within the reference itself. If a basic 
electrolyte such as sodium hydroxide is used, the cations in the electrolyte would 
indirectly block some of the chlorides within the reference electrode itself (the frit), thus 
causing a change with the standardized reference potential. For alkaline electrolyte, 
Hg/HgO/1M NaOH REF is widely used. Hg/HgO/1 M NaOH REF performs more 
favorably in alkaline solutions due to its stability in a quasi-equilibrium state between Hg 
and HgO.39,40 Like Ag/AgCl REF, if the Hg/HgO/1M NaOH REF is exposed to an acidic 
environment, the concentration of Hg/HgO would change thus changing the standardized 
reference potential. Special care is needed when deciding to use a reference electrode for 
a particular electrolyte. 12,33,41 
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2.7 Electrochemical characterization of fuel cells 

2.7.1 LSV Characterization 
 

 

Figure 2.6: A typical set of LSV curves and the corresponding Koutechy-Levich plots at different disk 
potentials (inset). The data was obtained from Pt/C in O2-saturated 0.1 M KOH 

  

Linear sweep voltammetry (LSV) is a voltammetry technique where a sweep of 
electric potential in a direction relative to the standard electrode potential is applied in an 
RDE setup. The maximum current generated by this potential, restricted by how fast the 
oxidized form of species can arrive at the electrode surface interface, is termed the 
limiting current. In general, the overall reaction rate is co-limited by both mass transport 
and reaction kinetics, which is described and analyzed by the Koutecky-Levich equation 
(2.15). An electrochemical reaction with facile kinetics has an overall reaction that is 
limited by mass transport. Using a linear equation, 

                                         A	 = 	0.6245RF
L/InKG/J	   (2.16) 

With equation (2.15), we have the following: 
                                         U = P

9
+ G

N5
 (2.17) 

where we have the y as the resulting current density and x as the changing rpm (w-1/2). 
Figure 2.6 is an example of LSV curves and corresponding Koutecky-Levich (K-L) plots 
obtained from a Pt/C catalyst in O2-saturated 0.1 M KOH at a sweep of 5 mV s-1. By 
determining the slope of the K-L plot, the number of electrons involved in the reaction 
(i.e. electron transfer number) can be determined (here it is 3.94). In the plot, it is also 
deduced that the ORR performance is limited by diffusion rather than the kinetics of the 
electrode itself by noticing that the 1/JK value in the K-L equation is approaching zero, 
thereby J~JL. 
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When analyzing the LSV curves, the onset potential, half-wave potential, and 
limiting current density can be determined (0.94 V, 0.82 V and ~5.5 mA cm-2, 
respectively, from Figure 2.6). The onset potential is the potential where the current 
begins to increase by overcoming the thermodynamic and kinetic barriers. The half-wave 
potential is the point where the current is equal to one half of the limiting current density. 
Since Pt/C is the industrial standard, these values stand as “potential goal(s)” when 
developing new catalyst.42,43  

Once the number of electronic moles per reaction is obtained, a Tafel plot can be 
drawn from the Jk value (Figure 2.7). A Tafel plot (potential versus kinetic current) can 
determine the Faradaic kinetics more explicitly by excluding the contribution from 
diffusion and ohmic transport. The kinetic current Jk is found by: 

                                        OQ =
N4∙N
N4KN

	  (2.18) 

The Tafel slope is an indication of the kinetics of the electrode; a smaller slope 
corresponds to faster kinetics.1 

2.7.2 RRDE Characterization 
 

Figure 2.7: An example of a Tafel plot. Obtained from Pt/C in O2-saturated 0.1 M KOH at 1,600 rpm. 

  
The ORR electron transfer number is widely quantified by the rotating ring-disk 

electrode (RRDE). First successfully constructed by Lev Nekrasov and consequently 
mathematically developed by researchers at the University of Minnesota and Oxford 
University, RRDE allows researchers to better describe the types of reactions occurring 
on the surface of an electrode. Like RDE, reactants such as oxygen (for ORR analysis) 
are flowed to the disk electrode to be reduced. If the catalyst on the disk induces the 4e- 
process (pathway [a] below in alkaline medium), the resultant solution that flows to the 
ring would not incur further reaction. For the 2e- process, the disk would only reduce O2 
partially into a peroxide (reaction pathway [b] below), and the product will be further 
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reduced to OH- (reaction pathway [c]) at the ring. Note that the electronic flow into the 
disk electrode incurs both a 4e- and 2e- reduction; i.e. both pathways [a] and [b], and 
those into the ring incur the completion of 2e- process (pathway [c]). Therefore, by 
measuring both the disk and ring current, the relative amount of electrons contributing to 
the 2e- and 4e- processes can be quantified.8,32,33  

                               VL 	+ 	2WLV	 + 	4CKà	4VWK		  [a] 
                               VL 	+ 	WLV	 + 	2CKà	WVLK 	+ 	VWK	  [b] 
                               WLV + WVLK 	+ 2CK	à	3VWK	  [c] 

There is an important consideration to be made about RRDE: Not all of the 
products of reaction at the disk electrode reach the ring. Therefore, for an accurate 
quantification of the electron transfer number, we need to quantify the so-called 
collection efficiency (N). The collection efficiency is the fraction of reactants from the 
disk that eventually flows to the ring for reaction: 

                                              N = 
)[7]

)[']S)[)]
  (2.19) 

Since the fraction of reactants from the disk surface reaching the ring for further reaction 
(the collection efficiency is alternatively N = iRing/iDisk) varies, each RRDE setup should 
undergo a prior characterization. This is achieved by reducing ferricyanide at the disk 
electrode in 0.1 M KOH containing 10 mM of K3Fe(CN)6 because the ferrocyanide / 
ferricyanide is a simple well-defined single-electron half-reaction. In the case shown in 
Figure 2.8 as an example, the collection efficiency is quantified to be 0.42 (N = 
0.31/0.72). 

Once the collection efficiency is found, the ratio of currents originating from the 
2e- and 4e- processes can be quantified from LSV, using a RRDE setup. Note that the 
scan rate must be slow enough (typically < 10 mV s-1) for an accurate measurement to 
avoid capacitive current behavior. The percentage of peroxide ion generation (%HO2-) 
and n values can be obtained using two assumptions denoted in Equations (2.20) and 
(2.21): 
 

                                        3T)U/ 	= 	 3['] 	+ 	 3[X] (2.20) 
                                        39!:5

;#/
=	 3[']

<
+	3[)]

=
  (2.21) 

 
and, 

                                        4CK = )9!:5
	)[']
=
S	)[)]

< 	

 (2.22) 

that leads to: 

                                        %WVLK#+#(!$&*)( =
)9!:5

	)[']
=
S	)[)]

< 	

= Y
*#/

− 1	   (2.23) 

Since we are interested in the molar percentage of HO2- we have: 

                 %WVLK#+#(!$&*)( =
	)[']
=

	)[']
=
S	)[)]

< 	

∗ 100% = 4 − *#/

L
∗ 100% (2.24) 

then using equations 2.19 and 2.22 we have 
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                                        4#/ = 4 ∗ 	)9!:5

	)9!:5S
!-!;?
,

	  (2.25) 

 

Figure 2.8: An example of RRDE curve obtained from the reduction of ferricyanide to quantify the 
collection efficiency. 

 

2.7.2 CV Characterization 
Cyclic voltammetry (CV) is widely used to study redox behavior. When a 

potential sweep in an increasing direction (oxidative direction) is applied (e.g. from a to d 
in Figure 2.9a), a positive voltammogram is obtained (e.g. from a to d in Figure 2.9b). 
During a positive scan, an anodic peak is formed at Epa where the analyte is oxidized with 
a current of ipa. As the analytes to be oxidized become depleted at point c, the anodic 
current decreases with higher potentials. On the other hand, when a potential is applied 
from d to g in Figure 2.9a, a negative scan of d to g (reduction) is seen in Figure 2.9b. A 
move from d to g results in reduction, with the cathodic current of ipc where the analyte at 
the surface of the electrode, forming a characteristic peak potential of Epc. The unstirred 
(stationary) solution makes the introduction of reactants and removal of products solely 
dependent on diffusion according to Fick’s Law.12,33,35 

2.7.3 Quantification of electrochemical active surface area (ECSA) 
The ECSA can be quantified by assuming the area of electrochemical double-

layer is proportional to the electrochemically active surface area. Experimentally, it is 
characterized in each solvent of cell operation (mostly in 0.1 M KOH) by cycling a CV 
within a narrow potential window free of a redox reaction (e.g. from -0.7 to -0.8 V vs. 
Ag/AgCl/KCl 3.5 M). This is to ensure to obtain a linear relationship between anodic and 
cathodic current by avoiding any artifact caused by Faradaic current.44 In our study, the 
CV was mostly performed at different scan rates of 12 to 48 mV s-1 at intervals of 4 mV 
s-1 to acquire the slope and calculate the ECSA using the following equation: 
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                                        $T0? = 8∗Z'@#'
Z@#%

	  (2.26) 

where A is the geometric area of the sample, Carea is the areal capacitance, and Cref is the 
referential areal capacitance of a flat electrode (80 µF cm-2).45 

To measure ECSA, a Ni-foam can be employed as the substrate for catalyst 
loading. Ni-foam is carefully cleaned using HCl solution (37 wt%) in an ultrasonic bath 
for 30 min, rinsed in a 1:10 ratio between ethanol and DI water, and later ultrasonicated 
for an additional 10 min. Once prepared, the catalyst slurry is drop-casted on Ni-foam. 
 

 

Figure 2.9: (a) Triangular potential waveform provided to the working electrode for CV measurements. (b) 
A CV curve obtained by the application of triangular potential waveform. 

 

2.7.3 Assumptions for electrochemical testing 
When analyzing RDE, RRDE and CV data, we assume: the deposited electrode 

material is evenly distributed on the surface, different samples of comparison have the 
same number of grams in each deposit, and the absence of a dipole concentration gradient 
in the bulk solution (electrolyte). To check for an even distribution of the catalyst, a 
microscope is used to make sure the deposition is both uniform and even as depicted in 
Figure 2.10. If the surface is non-uniform, then many ions will flow improperly over the 
glassy carbon causing the catalyst to underperform.32 To make sure the same number of 
grams are deposited with every use of the pipette, deposits of the catalytic solution can be 
placed inside multiple thermogravimetric analysis (TGA) vessels. TGA is a method of 
analyzing the percentage mass change as both temperature and time increase. After the 
heating process using TGA, the amount of material left after evaporation of ethanol/water 
can be measured. Therefore, if the percentages of the catalytic material in the vessels are 
similar after increasing the temperature for all vessels, the catalyst is consistent in weight 
while depositing electrode material on a surface. To eliminate the effects of a 
concentration gradient caused by movement in the bulk solution, we can use temperature 
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control devices and leveled surfaces for conducting experiments. Temperature control is 
imperative as basic kinetics suggest that an imbalance of temperature within the bulk 
solution causes an uneven flow of ions to the RDE, thereby creating unreliable results. 
Using the same principle, if the contents within the bulk solution are tilted, then an 
uneven flow of the catalytic material will create unreliable results as well. The use of 
distilled water is critical as tap (hard) water contains many ions such as sodium, 
potassium, calcium, magnesium and iron that could change the reactions occurring on the 
surface of the catalytic material. Therefore, making sure the resistance within the DI 
water machine is > 18 MW cm at 25°C and a total organic carbon (TOC) value below 
5ppb will decrease the amount of hard water.8,12 When using DI water, the use of fresh DI 
water is important. As time elapses, the CO2 in the air will make the DI water more 
acidic, thereby changing the predicted flow of ions. This small difference (>0.5 pKa) may 
not seem significant, but when used for electrochemical testing, can affect the measured 
potentials of electrochemical reactions.  

 
2.8 Introduction to Electrolyzers  

Electrolyzers, also known as water-splitting devices, generate fuels which again 
can be used to generate electricity using a galvanic cell (i.e. fuel cells). Water splitting 
was demonstrated first by the Dutch merchants Jan Rudloph Deiman and Adriaan Paets 
van Troostwijk in 1789 using an electrostatic generator. An electrostatic generator 
induces water splitting by an electrostatic discharge between two gold electrodes 
immersed in water.10 Later development by Johann Wilhelm Ritter, battery technology 
was “thought” to separate the produced gasses and by 1802, Ritter designed an 
electrochemical cell demonstrating this phenomenon.46 Nearly a century later in 1888, 
Russian engineer Dmitry Lachinov industrialized the synthesis of hydrogen and oxygen 
via electrolysis,11 and by 1902, more than 400 industrial water electrolyzers were in use.47  

2.8.1 Catalysis of OER/HER 
In an electrolyzer, hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER) occur and split water into hydrogen and oxygen. The two half-reactions 
(oxidation and reduction, respectively) and overall reaction are described in Table 2. 

Table 2.1: Reactions of an electrolyzer 

Reaction Reaction Equation EoNHE (Vvs. NHE ) 

HER 4H+(aq)  + 4e-à 2H2 (g) (0 - 0.059 × pH)  

Figure 2.10: (a) A non-uniform and (b) uniform catalyst 
deposition on glassy carbon electrode examined under an optical 
microscope. 

  

a) b) 
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OER 2H2O (l) à O2 (g)  + H2 (aq) + 4e-  (1.23 - 0.059 × pH) 

Combined (OER + HER) 2H2O (l) à 2H2 (g)+ O2 (g) (1.23 - 0.059 × pH) 

 
As is the case for fuel cell electrodes, the electrodes of an electrolyzer are 

required to have high surface area, electronic conductivity and stability/corrosion 
resistance.48,49 Like any other electrochemical cells, electrolyzers need an overpotential to 
drive a net water splitting reaction. The thermodynamic potential for water splitting can 
be presented as ($°) 

                                        $° = △0°
*7

  (2.27) 
where n denotes number of moles of electron transfer and F is Faraday’s constant. OER 
involves 4 moles of electron transfer per mole of O2 whereas HER consumes 2 moles of 

electron per mole of H2. The overall voltage ($) to split water is: 
                          $ = $° + ]F6] + >@^(]^6]) + ]&"%)(  (2.28) 

$° is the thermodynamically determined reversible voltage for water splitting, which 
requires 237 kJ of electric energy to dissociate each mole of water; Gibbs free energy to 
form water is 237 kJ.  

 

Figure 2.11: A simplified cross-sectional schematic diagram depicting the operation of a H2-O2 water 
splitting. 
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At standard conditions, the reversible voltage for oxygen electrolysis is 1.23 V. The total 
overpotential (]F6] + >@^(]^6]) + ]&"%)() is the amount of voltage loss needed to drive 
the system. ]F6] 	 and >@^(]^6]) are the activation overpotentials for OER and HER, 
respectively. ]&"%)( is the ohmic overpotential. An external DC voltage bias, which is 
equal to the overpotential, is supplied to split water.  

While both OER and HER are required for water splitting, OER (anode) is 
kinetically more sluggish as it necessitates a four proton-coupled redox processes and 
formation of two oxygen-oxygen bonds. Acidic and alkaline reactions of O2 generation 
follows as seen in Figure 2.12.50 

2.8.2 Electrochemical Characterization of Electrolyzers 
The methods of characterizing overall kinetics and electron transfer route are very 

similar to those for fuel cells. However, linear voltammetry for OER in an RDE setup is 
performed at an electrode potential relevant for OER (e.g. 1.3 – 1.8 V vs. RHE). In 
addition, the onset potential for OER is usually quantified at 10 mA cm-2 as seen in 
Figure 2.12. 

The voltage difference between the onset potentials of ORR and OER 
(alternatively between the onset potential of OER and the half-wave potential of ORR) is 
used to discuss the bifunctional activity for both ORR and OER of the catalyst. Catalysts 
that perform both ORR and OER are applicable to metal-air batteries and unified 
regenerative fuel cells (URFC).43 

 
Figure 2.12 OER in alkaline and acidic media. 
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2.9 Binding Conditions 

As aforementioned in Chapter 1, for both ORR and OER, there are oxygen 
intermediates (O, OH and OOH), which are bound to the catalyst surface during the 
reaction. According to the Sabatier principle, the catalyst should bond reactants and their 
intermediates at an optimum bond strength for maximized catalytic activity; that is, not 
too weak to efficiently adsorb the reactant in each step, but not too strong to desorb the 
product. As depicted in the so-called volcano plot that displays the chemisorption free 
energies of intermediates (∆G) vs. potential of either ORR or OER (Figure 2.13),51 there 
is a clear correlation between the bonding free energy and electrocatalytic activity. 

 

Figure 2.13: A typical LSV curve to show both ORR and OER. 
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Figure 2.14: Overall oxygen reactions and its intermediates for ORR and OER. An overpotential must pass 
the theoretical activation barrier to produce electrons (form water through ORR) and use electrons (split 
water through OER). Second image includes volcano plots for both ORR (a) and OER (b) in terms of 
binding energy profiles (∆G) for their respective intermediates (ORR: OH* & OHH* binding; OER: O* & 
OH* binding). When taking two of the best catalysts from each NCs (C-hG and T-pMOF), we can see an 
improvement in both potential and ∆G intermediates. 

 

2.10 Materials Characterization 
Researchers who work within the interdisciplinary field of materials science often 

piece together the form and function of materials.52 This often requires examination for 
material’s characteristic using high resolution magnification especially for energy storage 
properties at the nanotechnology level.53 The next few sections will discuss some of the 
materials characterization devices used for energy storage materials. 
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2.10.1. TEM 
The TEM (transmission electron microscope) produces images at higher 

resolution than light microscopes, by generating electrons to interact with ultra-thin 

specimens resulting in the small de Broglie wavelengths of the generated electrons.54 
 

2.10.1.1. TEM procedures 
Beginning at the top of Figure 2.15a, the gun provides an intense beam of high-

energy electrons. Specifically, a field emission electron gun creates a strong electric field 
to extract electrons from a filament to form an electron beam that travels down the 
column, passing through the magnetic fields of the first and second condenser lenses. The 
first condenser lens controls the approximate size of the beam, while the second 
condenser lens controls the sample area with which it interacts. A more condensed beam 
results in less interaction area and a higher beam intensity in that area. After the beam 
passes through the condenser lenses the aperture is used to improve resolution by 
excluding electrons travelling further off the optic axis which tend to contribute the most 
to image aberrations that reduce resolution. The beam then encounters the specimen of 
<100 nm thickness, where electron scattering occurs. Portions of the sample oriented at 
the Bragg condition or with greater mass-thickness scatter more electrons, leading to 
contrast in the resulting image.  The objective lens then collects electrons from the 

 

Figure 2.15 (a) Schematic of the transmission electron microscope b) comparison lens conditions between 
TEM imaging mode and TEM diffraction. Figure 2.15b  is from the Practical Electron Microscopy and 
Database. 

a) 
b) 
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sample to form the first magnified image. In standard TEM bright-field imaging, an 
objective aperture placed between the objective lens and its image (in the objective lens 
back focal plane) excludes scattered electrons from contributing to the image. Bragg-
diffracting, thick areas and areas with higher atomic number elements appear darker in 
the image, as a result. 

In standard TEM dark-field imaging, the objective aperture excludes unscattered 
electrons, so that Bragg-diffracting, thick areas and areas with higher atomic number 
elements appear brighter. In high-resolution TEM, an objective aperture is not used, so 
that unscattered and Bragg-scattered electrons recombine to form a phase contrast image 
based on phase differences introduced by the scattering process and lens system. The 
intermediate lens further magnifies the objective lens image and its current can also be 
adjusted to magnify the sample diffraction pattern formed by the objective lens (found in 
the objective lens back focal plane) rather than its image.  The projector lens system then 
provides further magnification for the final image, which can be observed on a 
phosphorescent screen or collected by a charge-coupled device (CCD) camera.  

Some instruments are equipped with an electron energy loss spectrometer to 
exclude from the image electrons that have undergone inelastic collisions in the sample 
and have different focal planes from elastically scattered electrons, improving image 
resolution. Describing each component of TEM is important because knowing the nature 
of TEM can provide solutions to problems that may arise while imaging. For example, if 
a beam light fails to make a perfect circle, then an “unbalanced” condenser stigmator is 
more likely at fault. 

Energy-filtered transmission electron microscopy (EFTEM) imaging techniques 
can utilize properties of loss spectrum energy to increase contrast, reduce chromatic 
aberration, and increase depth perception. Contrast is made with images and diffraction 
patterns when the TEM removes inelastically scattered electrons, which can produce a 
fog-like image. Mapping, using a form of EFTEM, creates an elemental/chemical maps at 
nanometer resolution by forming images with inelastically scattered electrons. Some 
types of mapping include a 2- and 3-window elemental mapping/jump-ratio to create fine 
structures. Please refer to Figure 2.15b for how lens changes between TEM imaging and 
TEM diffraction can occur.54  

2.10.1.3. TEM Theory 
As mentioned before, TEM can image samples at a high resolution.  When an 

electron of charge e passes through a potential difference V, its kinetic energy will be 
given by the energy of the field 

                                        
%_=

L
= C!		  (2.29) 

where m is mass and _ is velocity and eV is energy in electron volts. Then using de 
Broglie’s wavelength equation and relating it to kinetic energy we have 

                                        ` = "
2
= "

%_
  (2.30) 

where l is the de Broglie wavelength, h is Planck’s constant and p is the momentum of 
the particle. Combining equations 2.29 and 2.30, we have 

                                        ` = "

(L%#O)
1
=
	 (2.31) 
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However, due to the relativistic effects of electrons the incorporation of relativistic 
kinetic energy Ek is needed, therefor we use 

                                        $/ = abL −a=bL (2.32) 
where mo is an electon’s rest mass, and c is the speed of light. Noting that Ek is 

equal to eV and using equation 2.32 we have 
                                        ` = "

[L%A#O(GS
#B

=CA7=
)]
1
=
  (2.33) 

TEMs typically operate at an accelerating voltage of 200 kV and wavelength of ~2.51 
pm, therefore, the electron beam can reach the theoretical resolution limit smaller than 
atoms.55,56 

2.10.1.4. TEM Aberrations 
An ideal TEM is able to provide a perfect image of a sample, however, this is not 

always the case due to aberrations (spherical and chromatic) and astigmatism. Rays, that 
pass through a spherical aberrated lens at a high angle to the optic axis, are focused closer 
to the lens than rays passing along (or at a smaller angle) to the optic axis create spherical 
aberrated lens. As a result, the angle rays that are incorrectly focused rays produce a 
“smearing” in the lens as seen in Figure 1a. Another way of describing spherical 
aberrations is that electrons passing through the periphery of a lens are refracted more 
than rays passing through the center of a lens. The electrons, therefore, do not reach a 
common focal point. If we block, using a suitable aperture in the back focal plane, the 
rays scattered to a high angle then an image without “smearing” will form as depicted 
below Figure 2.16a.  

 
Figure 2.16: Depicted above includes standard electron lens with spherical aberrations. (a) Rays at 
different angles to optic axis are focused on different points. TEM image shows the effects of spherical 
aberration (b) By blocking scattered rays, the spherical aberration is minimized with all rays being 
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focused on the same point. Crispin Hetherington, Materials Today. 2004, 7:12. 

Spherical aberration (Cs) where the diameter of the distorted disk of intensity dsph is given 
as 

                                        (U2" =
G
L
TUcI	  (2.34) 

where b is the collection semi angle of the lens.  
Another common aberration is known as chromatic aberration (Cc) that can cause 

a disk rather than ideal point for rays to be focused. However, unlike spherical 
aberrations, chromatic aberrations are caused by electromagnetic radiation of different 
energies converging at different focal planes. Chromatic aberration diameter of the disk 
(dchr)can be expressed as 

                                        (("$ = T(
b6
6A
c (2.35) 

where ∆E is the energy loss. E0 the incident energy and Cc is the chromatic aberration 
coefficient of the lens. If the ∆E is large, the image will be blurry as seen in the Cc TEM 
image compared to Little Cc in Figure 2.17a. 

 
Figure 2.17: Schematic of (a) Chromatic aberration as a result of differential focusing of electrons of 
varying energies (b) Astigmatism effects as a result of non-isotropic directional focusing. Dominik Green et 
al. Biomedical Applications of Biophysics. 2010, 7:155-183 and Q. Xing et al. Ultrmicrocopy, 2008, 4:109 
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and Rafel Dunin-Borkowski et al. Cambridge University Press 2016, 434-455. 

 
 Another type of aberration of TEM called astigmatism. Inhomogeneities in 
polepieces, machining errors, asymmetry in lens winding, and dirty apertures can lead to 
lens that is astigmatic rather cylindrical. Astigmatic means that electrons diverging from 
a point will produce two separate line foci at right angles to each other (y-focus vs. x-
focus). The TEM image of Figure 2.2b labeled Astigmatism has a distorted x-focus 
compared to the Little Astigmatism TEM image.57 
 

2.10.1.2. HRTEM 
HRTEM has the ability to image atomic lattices, and position of lattice fridges, 

for the purposes of the dissertation, through an analysis of the atomic planes in samples. 
This is very helpful for thin film metal oxides whose crystallinity can be determined 
based upon the spacing of these crystal lattice structures. Although useful, caution when 
interpreting HRTEM images is necessary as the image can be inaccurate in terms of its d-
spacing. Also, if the sample is too thick, the image resolution decreases and aberrations in 
the astigmatism, objective lens, defocus can occur. For this reason alone, TEM diffraction 
and/or XRD will be tied with a catalysts facet in Chapters 4,5, and 6 of this dissertation. 
Also, please refer to the XRD section for more on how crystallinity can be determined.58 
 

2.10.1.2. EDX 
Energy-dispersive X-ray spectroscopy relies on the interaction of x-ray and 

excitation sample to analyze the elemental or chemical composition of a sample. Each 
element has a “finger-print” electromagnetic emission spectrum. Some of the limitation 
of EDX include element detection for heavy elements. Modern EDX detectors have 
ultrathin or windowless detectors which can lead to a limited energy resolution of the 
EDX detector, thereby leading to a peak-overlap problem. Also, finite time for the 
detector to process each X-ray can create a dead zone where another X-ray cannot be 
recorded. If the arrival rate of X-rays is large, then no X-rays will be recorded. Therefore, 
improving a detectors energy resolution can reduce peak overlapping.54,59 

2.10.1.2. SAED 
Selected area electron diffraction (SAED) is an experimental technique to obtain a 

diffraction pattern in the reverse space of lattice planes. This is often used to determine d-
spacing of crystal planes, please refer to the XRD materials section in this Chapter. In 
other words, a selected area is used to obtain a diffraction pattern in which the reciprocal 
lattices are projected, with lattice reflections shown as sharp diffraction spots.54 

A diffraction experiment uses a known crystalline sample (gold polycrystalline 
standard), an alignment of TEM, an area of diffraction aperture (SAD), and under 
diffraction mode. When placing the gold polycrystalline sample at the eucentric height, a 
diffraction pattern is collected to determine the camera length. Please note that the 
eucentric height is the position, within the objective lens, on a reference plane. With the 
camera length (lL), the d-spacing can be determined as 
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                                        F( = `d (2.36) 
where R is the distance of the diffracted beam from the central, non-diffracted beam on 
the image plane, L is the distance between the image plane and sample. The equation 
above is determined by using Bragg’s law assuming small scattering angles 

                                        4` = 2( sin h ⇒ (4 = 1) (2.37) 
                                        ` = 2(h  (2.38)  

and that 
                                        

]
M
= tan h ~2h (2.39) 

Camera length can be determined using a standard (gold polycrystalline sample) 
inside the TEM and measuring the R distance from the resulting diffraction pattern.60,61  

 
 
 
Limitations 

Limitations and errors can arise from sample preparation and image 
distortions/irregulates. A sample primary particle must be dispersed in a monolayer on a 
substrate, otherwise, the beam may not transmit through it. Also, without proper care of 
the TEM grid, contamination such as oils render the TEM analysis useless for high 
resolution TEM (HRTEM).62,63 

 

2.11.3  FT-IR 
Infrared spectroscopy studies the interaction of matter with infrared light. Light, 

having dual nature of a particle (electric) and wave (magnetic), move together in 
perpendicular planes through space. The electric vector interacts with molecules while 
the magnetic vector interacts with light. The wavenumber of the magnetic vector is the 
reciprocal of a wavelength that measures the number waves that exist in a centimeter. 
The wavenumber of the magnetic vector can be defined by its energy where E is light 
energy, c is the speed of light, h is planck’s constant, and W is wavenumber 

                                               $ = ℎb+	  (2.40) 
where a high wavenumber light has more energy (infrared) than a low 

wavenumber light.64 This infrared energy (infrared radiation) is present in all matter that 
is above 0 kelvin. When infrared radiation is absorbed by matter, the chemical bonds 
within the material begin to vibrate. Chemical structural fragments within molecules, 
known as functional groups, absorb infrared radiation in the same “wavenumber range.” 
This absorption can be tied to the structure of the unknown molecules to be later 
identified from an infrared spectrum. Beer’s Law, which relates concentration absorbance 
can be defined as 

                                                ? = nGb		  (2.41) 
where A is absorbance, n is absorptivity, l is pathlength, and c is concentration. 

Using these principles, a plot of infrared radiation intensity vs. wavenumber can be 
plotted.65 
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Fourier-transform infrared spectroscopy (FTIR) is used to understand carbon-
based materials in a solid, liquid or gas. An interferometer takes a beam of light (400-
4000 cm-1) and splits it into two beams, and makes one beam of light travel a different 
distance than the other. This difference between the two beams is called the optical path 
difference (optical retardation) d. These beams go into the Michelson interferometer. The 
Michelson interferometer has a configuration of mirrors that either blocks or transfers a 
wavelength. More specially, light from a black-body radiator (infrared source) is directed 
towards a beam splitter in which half of the light is refracted while the other is 
transmitted to a moving mirror. The Michelson interferometer has four parts. The first 
part contains the source of infrared light, the second part contains the stationary mirror, 
the third part contains a moving mirror, and the fourth part is the opening for the sample 
placement. The intersection of the four parts (Figure 2.18) is the beam splitter that 
transmits half of the radiation that impinges on it and reflect nearly half. The light 
transmitted by the beam splitter strikes the fixed mirror and reflects onto the moving 
mirror. These two beams recombine towards the beam splitter and leave the 
interferometer to the fourth part to interact with the sample and strikes the detector.66  

2.11.3.1 Optics 
If the distance by two beams (the moving mirror and fixed mirror beams) are the 

same, this means there is zero path difference (ZPD). If the beams have a difference, the 
mirror displacement is defined as ∆. Since the moving mirror and fixed mirror have an 
optical retardation, with the moving mirror light length being longer than fixed, we can 
define the extra distance as 2∆ and define the following 

                                                 d = 2∆ (2.42) 
If a monochromatic light source has a wavelength of l, the beams have 

recombined from the beam splitter, and they are both in phase then their (recombined 
beams) crests and tough will overlap. Though their amplitudes add, the constructive 
inference causes an intense light beam to leave the interferometer and allows it to equal a 
multiple l. 

                                                d = nλ  (2.43)  
where n= 0,1,2,3… 

 
When destructive interference takes place the intensity of the light beam is less 

due to the “half wavelength” adding, which provides the following equation 
                                            d = (n + G

L
)` (2.44) 

If the mirror is moved at a constant velocity, the detector measures the intensity in 
a cosine wave, and modulated light beams are denoted by the number of times per second 
they switch between light and dark, we can describe 

                                              5c = 2!+ (2.45) 
where 5c is the modulation frequency, V is the moving mirror velocity i, and W is the 
wavenumber of the light in the interferometer. Once the light leaves the interferometer 
(part four) passes through the sample compartment and focused on the detector. The 
detector takes signal and has the Fourier transform simply calculate the infrared spectrum 
from the sum of cosine waves in the interferogram. Though the Fourier transform is not 
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rigorously correct, it allows for the optical path length and collects finite number of 
datapoints to obtain an interferogram (truncation).67 

2.11.3.2 Bond Stretching and Bending 
Lightly touched upon, the exact reason why molecules can be detected by FT-IR 

is due to their bond stretching and bending. This, consequently, can also be used to 
distinguish molecules. Depending on the wavenumber absorption, bond stretching and 
bending depends on (1) bond strength and (2) masses of the atoms sharing the bond. The 
impact of these two factors can be explained using Hooke’s Law, enabling us to 
approximate frequency of vibration for a bond between two atoms of mass 

                                         u = ( G
Ld(
)( e
%@#D

)
1
=   (2.46) 

where is u vibration, c is speed of light, f is the force constant (bond strength), 
and mred is the reduced mass of the system (treating both atoms as one system). This 
means, smaller atoms give bonds that vibrate at higher frequencies, a higher wavenumber 
of absorption. For example, a carbon attached to a hydrogen provides a larger wavelength 
value (~3000 cm-1) than chloride (~700 cm-1). This equation also means, a large force 
constant will cause the molecule to vibrate at higher frequencies, thereby, corresponding 
to a higher wavenumber of absorption. For example, a carbon triple bonded to a nitrogen 
will have a larger wavenumber (~2200 cm-1) than a single bond (~1100 cm-1). Another 
way to distinguish molecules includes the effects of hybridization states on wavenumber 
absorption. A C-H bond that has a hybridization that has Csp-H bond produces the highest 
(~3300 cm-1) compared to a Csp3-H (~2900 cm-1) in terms of wavenumber. sp orbitals 
have more s character than other hybridized atomic orbitals and will therefore more 
closely resemble s orbitals. The electron density of sp orbitals is closest to the nucleus. 
Therefore, comparing the shapes of other hybridized atomic orbitals, the sp3 bond length 
is larger than the sp2 bond length. A smaller bond length translates to a stronger bond, 
therefore Csp-H will have a larger wavelength number.68 
Limitations 

FT-IR cannot detect atoms or monatomic ions. Single atomic entities contain no 
chemical bond nor posses any vibrational motion and therefore, not absorbed by infrared 
radiation. FT-IR uses a single beam in which the background spectrum, an accumulation 
of instrument or the environment, can lead to artifacts being misinterpreted and perhaps, 
mask sample absorbance. Finally, sample preparation (depending on the techniques used) 
plays a large part on making sure certain spectra are distinguishable.69 
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Figure 2.18: Schematic of the Michelson Interferometer. 

 

2.12.4 XRD 

2.12.4.1 XRD Spectra 
 X-ray Diffraction (XRD) can determine crystallographic structures for materials 

using X-ray beams. The collision of incident x-rays and core electrons causes two 
outcomes to occur: Compton or Thomson scattering. Compton scattering is when the x-
ray collision with the electron yields a smaller photon energy (result of inelastic 
scattering), thereby increasing the wavelength. Thomson scattering occurs when the x-ray 
is elastically scattered, by a free particle, thereby keeping the same wavelength. Please 
note, the incident x-ray’s energy is greater than the valence electron’s energy. When 
using Thomson scattering, we can use what is known as the Braggs law where the 
materials periodic spacing, scattering angle (related to periodic spacing), and X-ray 
wavelength are related. The derivation is as follows, if we assume two parallel planes 
denoted as A and B are separated by a distance d and that, two ray vectors s/l and s0/l of 
the same wavelength incident upon the aforementioned planes, the path difference 
between two beams should be equal to s-s0/l vector (See Figure 2.19).  
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However, before further discussion can be made on how Thomson scattering 
provides crystalline information, an explanation of crystal lattice structure is needed. 

Crystalline materials are made of repeating basic structures called unit cell. Unit 
cells help describe planes using Miller indices to specify directions and planes in crystals. 
Notations often used include 

• (h,k,l) represents a point 
• [hkl] represents a direction 
• <hkl> represents a family of directions 
• (hkl) represents a plane 
• {hkl} represents a family of planes 

as demonstrated in Figure 2.20 below. 
 

 
Figure 2.20: Notations often used for miller indices. 

 
A plane denoted as (h k l) plane, that is closest to the origin, will have intercepts 

of  

 
Figure 2.19: Diffraction of X-rays in accordance with Bragg’s Law where s0/l is the incident wave vector 
and s/l is the scattered wave vector. 



 

 

 

36 

>G
ℎ ,

>L
6 ,

>I
G  

where a1, a2, and a3 are the magnitudes. Use of these describing Miller indices is very 
useful as each plane within a family are spaced equally and contains the same density of 
lattice points. The spacing (dhkl) can therefore be determined as 

                                        ("/+ =
'

√"=S/=S+=
	  (2.47)  

where a is a constant. 
Going back to Thomson scattering, the use of vectors can be difficult, therefore a 

switch from reciprocal space from normal space allows the vector to be defined in terms 
of Miller indices which is perpendicular to the hkl family of planes, Hhkl. Hhkl is inversely 
related to the d-spacing as seen 

                   ("/+ =
G

|"X1S/X=S+XE|
= G

|hF5G|
= q i

UKUA
q (2.48) 

where b1, b2, and b3 are reciprocal space vectors. 
Please note, not all plane structures give a Bragg reflection. A prediction of which 

family will give us reflections can be done by calculating the structure factor. This is 
dependent on the atomic position of atoms within the unit cell. The structure factor can be 
thought as the scattering amplitude for any given plane. 

When analyzing thin films, a specular scan is used to observe these reflections 
peaks. A sample, placed at an angle of w (kept at half of 2q), can be consistently rotated 
allowing x-rays to sufficiently scatter so that most of the crystallographic phases are 
detected.70 
 

2.12.4.2 XRD Experimental 
 
X-rays are generated from a x-ray tube (usually copper) and limited by the anode. The 
potential applied to the anode can cause melting, therefore, cooling is used to avoid anode 
melting. Electrons are then essentially boiled off the cathode and accelerated through a 
strong electric potential of ~50 kV. The electrons are then collided with the metal plate 
thus emitting bremsstrahlung. Bremsstrahlung are then filtered to a single wavelength 
(monochromatic) and collimated in a single direction towards the crystal. The intensities 
of the scattered x-rays are then collected with a photographic film or charge-coupled 
device image sensor. After this, standards are used to determine the sample’s , 
crystallinity based upon the spectrum provided. We can also quantify the ratio between 
two crystals (e.g anatase and rutile) and quantify the particle size.71 

2.12.4.3 Quantification of mass ratio 
While using XRD, we can also measure the mass ratio between two phases (e.g. 

anatase and rutile phase of TiO2) samples can be calculated from the relative intensities 
of the strongest diffraction peaks of the two phases ((101) peak of anatase and (110) peak 
of rutile) from the following equation: 

                                    D$ =
G.LJ	5@

5'SG.LJ	5@
 (2.49) 
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where fr is the mass fraction of rutile, and Ia and Ir are the intensities of anatase 
(101) and rutile (110) diffraction peaks.72  

2.12.4.4 Quantification of particle size from XRD 
From the broadening of a diffraction peak, the average size of sub-micrometer 

particles can be quantified by the Scherrer equation: 

                                       ( = =.ki
l(&Um

	  (2.50) 

   

 

where  l is the beam wavelength (1.78897 Å; Co Ka radiation), b is the full width 
at half maximum (FWHM) and q is the Bragg angle.73  

2.12.4.3 Limitations 
As a crystal’s repeating unit cell becomes larger/complex the XRD 

crystallography decreases in resolution over a given number of observations. Hence, to 
fully quantify the crystal structure, XPS is needed to confirm such crystals.60 

2.13.5 XPS 

 
Figure 2.21: Schematic of XPS.  

 
X-ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy 

for Chemical Analysis (ESCA), has been used to quantitatively measure the elemental 
composition of a surface. This surface-sensitive spectroscopic technique allows the 
analysis of metal and semiconductor surfaces using a focused monochromatic Al Ka x-
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ray (1486.7 eV) source for excitation and a spherical section analyzer in a Mu-metal 
shielded stainless steel ultra-high vauum (UHV) chamber.  The monochromatic AlKa x-
rays obtained by diffracting and focusing a beam of x-rays onto a thin disc of crystalline-
quartz in the <1010> direction. The beam of x-rays is focused onto the sample in which 
photo-emitted electrons (<1.5 kV) escape from the top of sample and thus analyzed by 
their electron binding energy (Figure 2.18). Theoretically, the binding energy of the 
photo-emitted electron is equal to the energy of photon (hn) minus the sum of kinetic 
energy of the electron measured and work function (f) which is dependent on both the 
spectrometer and material. 

                                        BE = 	ht − S$ − uU	  (2.51)  
Thus, by measuring the counts (parts per thousand) vs. binding energy we can 

characterize the sample from the top ≤3nm.74 
When working with metal oxides, the effect of electronegativity is large as result 

of the electronegative oxygen atoms. Electronegative atoms not only attract the electron’s 
host atom, but an additional electron. Therefore, the required energy to emit an electron 
from a host atom increases resulting in the binding energy for the host atoms to be shifted 
to a slightly higher energy. This is important as the spin-orbital coupling in XPS, all 
orbitals except s yield a doublet with two possible states. 

 

2.13.5.1 Deconvolution of cerium based XPS 
Ce 3d: By taking the method detailed by Maslakov et al.75 the mole fraction of Ce3+ and 
Ce4+ can be quantified from Ce 3d5/2 peaks using the following equation: 

   D(TCIS) = 	
GK'A∙

E
=∙

H(IJJJ)
H(K)LHMKJNLH(KJJ)

GKE=∙
H(IJJJ)

H(K)LHMKJNLH(KJJ)

	 and  D(TCYS) = 1 − D(TCIS)  (2.52) 

   where   >= =
5(c)S5(cJJ)
E
=5(n

JJJ)
 (2.53) 

 
I values (unit: a.u.) are obtained by taking the area under each spectrum. 

 
O 1s: I values (unit: a.u.) are obtained by taking the area under each spectrum and 
tabulated below. The fraction of each bonding was quantified simply by: 

 f(O-Ce3+) = 5oFKZ#ELp
5(FKZ#<L)S5(FKZ#EL)

   and  f(O-Ce4+) = 1 − D(V − TCIS)  (2.54) 

Limitations 
Like the other techniques, sample preparation can cause limitations when 

analyzing the material. Sample flatness is very important as height variations will cause 
the angle to vary so much, the angular dependence of the intensity ratio of the overlayer 
and substrate signals is no longer constant. To help with this the use of a silicon wafer is 
utilized as a substrate to deposit an ethanol based colloidal; ethanol is used instead of 
water as the surface tension for ethanol is low, thus the colloid can spread more evenly. 
Another source of error due to sample preparation is the lack of removal of various gases 
(O2, CO) and liquids (water, solvents, alcohols, etc.) that will cause the chemistry and 
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morphology of the top surface to change continuously as gases/liquids are volatile in a 
vacuum chamber, thus causing intensity ratio to no longer be constant.76 

2.14.5 Titration 
To better compare chemical concentrations quantitively, scientists use a technique 

called titration. More specifically, the titrant a reagent (titrant) is prepared, with a known 
concentration and volume, and reacted in solution with analyte (to be analyzed substance) 
to determine the concentration. This technique, if applied properly, can also be used to 
determine the concentration of functional groups. The following includes a procedure and 
calculation to determine certain functional groups.77 

2.14.5.1 Quantifying epoxides 
When working with graphene oxide, a suppression of other groups before titration 
measurement is needed to prohibit false positives: 

To suppress hydroxyl group: Add hydrogenation (water) + methanesulfonic acid  
To suppress carboxyl group: Addition of NaOH + methanol iodine  
In a conical flask with a ground glass stopper, add 10 ml of 33 wt% HCl and 
acetone in a flask. Add 3-5 drops of indicator (methyl violet). Using a Burette 
pipette flask, continue to add NaOH until color appears.  

Measure the values: 

Epoxide value ($!) = ((OAKO)∗-)
(q∗G=)

  (2.55) 

V0: Volume of NaOH with no dissolved sample 
V: Volume of NaOH with dissolved sample 
N: Concentration of NaOH 
W: Mass of sample 

 

2.14.5.2 Quantifying carboxyls 
Weigh 0.5 – 1.0 g into a 200 ml glass stopper flask. Add Murexide as the metalchromic 
indicator with 100 ml of acetone. Slowly add NaOH.  

Carboxyl value ($!) = ((OAKO)∗-)
(q∗G=)

  (2.56) 

V0: Volume of NaOH with no dissolved sample 
V: Volume of NaOH with dissolved sample 
N: Concentration of NaOH 
W: Mass of sample 

 

2.14.5.3 Quantifying hydroxyls 
Weigh 0.5 – 1.0 g into a 200 ml glass stopper flask. Then 5 g of Toluene 

diisocyanate and 250 ml of anhydrous acetone. Add three drops of Dipropyltryptamine. 
This was reacted at 60 °C. During this reaction, 10 ml solution was drawn off and added 
into an iodine flask once every hour. The extracted solution is then cooled to room 
temperature and reacted with 0.4996 g n-butylamine for 15 – 20 min at room 
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temperature. The resultant solution had bromocresol green added to it. Then in the iodine 
flask, titration with hydrochloric acid was done until a slight yellow was seen. 

Hydroxyl value ($!) = ((OAKO)∗-)
(q∗G=)

  (2.57) 

V0: Volume of NaOH with no dissolved sample 
V: Volume of NaOH with dissolved sample 
N: Concentration of NaOH 
W: Mass of sample 

Limitations 
Due to the pose of human error the mass of the sample must be greater than 3 

grams and the value of the functional group must be greater than 3-5% of the sample 
weight. Therefore, any substance smaller than the quantities mentioned above cannot be 
quantified using titration. Other factors that can influence readings include temperature, 
balance (weighing error), and handling. It is therefore important the experiment should be 
conducted at the same time and conditions. 

2.11: Reproducibility 
Reproducibility is the ability to which consistent results are obtained after 

repeated experimentation. Checking this allows scientific results to not only be verified 
but increases the chance of reusing the results or extending the work. To ensure the 
reproducibility of a scientific result, detailed documentation and specification of the 
involved scientific work is needed. The following section will explain how 
reproducibility was checked for this Dissertation. 

2.11.1 Electrochemistry Reproducibility 
To test the reproducibility of catalyst, at least seven batches were prepared for 

each type of sample. Each batch usually produces three samples worth for 
electrochemical testing. Before electrochemical characterization, each sample is cycled at 
least fifty times where the first ten is to activate the sample while the rest is to determine 
the extent of variability. Each sample is used for one set of fifty testing, ten LSV cycles 
(400-1600 rpm), and five RRDE cycles within a predefined potential range. The half-
width is used to determine the variability for each set and, based upon a small degree of 
variability, a data set is used. 

2.11.2 Materials Reproducibility 
Each materials characterization technique uses seven batches of catalysts. For FT-

IR, seven batches can produce 21 samples (after electrochemical samples have been set 
aside) to test. Each sample is tested at least three times, therefore, a total of 63 data sets 
are given for every catalyst. XPS is done in a similar way. XRD, due to the amount of 
material that is necessary, only one sample from each batch was tested. Due to the time 
needed for XRD scan (ca. 1 h for each), the test is run only twice. Therefore, a total of 14 
data sets are given for every catalyst. For TEM, roughly 15 pictures were taken for each 
catalyst from two batches.  

Many materials characterizations are used to “internally” check for certain 
characteristics. Particle size is determined using both TEM and XRD (using the Scherrer 
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equation), for comparison reasons. To check for elemental characterization XPS, TEM 
including elemental mapping, and to a certain extent FT-IR are used. Each sample is used 
once with the exception of where the effects of electrochemical durability testing is 
related to the (1) structural integrity, (2) chemical composition, and (3) effects of 
“binding conditions.” To determine the degree of variability, each peak is checked using 
the half-width for each data in a similar manner that electrochemical data was done. 
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Chapter 3: Literature Review 
 
3.1. Hybrid catalyst for oxygen electrocatalysis 

Oxidation reduction reaction (ORR) and oxidation evolution reaction (OER) are 
the most widely studied reactions because they are often the rate determining steps for 
many electrochemical energy conversion devices such as fuel cells, electrolyzers and 
metal-air batteries.1,2 To maximize their kinetics, noble metals such as iridium, Pt, or Pt-
alloys have been utilized due to their excellent catalytic activity. However, these noble 
metals have major issues including prohibitive cost, scarcity and fast degradation.3,4,5 
Transition metal oxides (TMOs) have garnered attention as a highly promising alternative 
for electrocatalyst6 due to their high ORR/OER activity, cost competitiveness and 
abundance.7,8 The exact understanding of TMOs’ role in ORR is not fully understood, but 
their ability to shift their oxidation states is believed to facilitate and better tolerate 
repeated charge transfer.9 In addition, their existence in various crystallographic 
structures provide ample room for improving their catalytic activities.9 Examples of 
TMOs used in these reactions include MnO2, Co3O4, Fe2O4, NiO, TiO2, ZrO2, and CeO2. 

Due to their low electrical conductivity, TMOs have been incorporated into 
electronically conducting material such as metal-organic framework (MOF)-derived 
carbon, polyaniline (PANI), highly oriented pyrolytic graphite (HOPG), and graphene.10 
In particular, low-dimensional carbonaceous nanostructures such as graphene7 have been 
widely employed for this purpose. Graphene maximizes the catalytically active sites for 
ORR owing to its high surface area11 and suppresses the agglomeration of TMO 
nanoparticles (NPs) by immobilizing the NPs on their surface.7 The ORR/OER activity of 
TMO/graphene hybrids can be further improved by forming 3-dimensional graphene 
structures or doping graphene with heteroatoms.12–16 In addition to the expected merits, 
the excellent ORR/OER performance of TMO/graphene has often been attributed to an 
alleged synergetic effect by the chemical coupling between TMOs and graphene.17–21 
However, the origin of the synergistic effect between TMO, NC, and FOG  is largely 
unrevealed, and relevant study is scarce. Wu et al. recently reported a mechanistic study 
of the synergistic ORR using Mn3O4/graphene hybrids.22 They asserted that C–O–Mn3+ 
linkage is responsible for lowering the activation barrier for the initial O2/HO2- reduction 
and assisting Mn3O4 NPs with the subsequent peroxide reduction. More recently, 
Ryabova et al. also reported the role of carbon in Mn2O3/carbon systems to act as a co-
catalyst accelerating the initial reduction of O2 into H2O2.23 

The performance of an electrocatalyst for energy conversion devices is dependent 
upon its electronic conductivity,24 that is dictated by interfacial charge transport through 
the dissimilar materials such as TMO, NC, and FOG. The increase in charge transport, 
controlled mostly by “binding” conditions, will be demonstrated in Chapters 4-6. To 
better understand Chapters 4-6, an understanding of the types of materials and research 
that has been done is needed. The next few sections will describe the structure, 
fabrication, and overall use as an ORR/OER catalyst of graphene oxide (GO), TMO/GO, 
and TMO/MOF-derived carbon. 
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3.2. Graphene oxide 
To maximize the catalytically active surface area per mass, it is necessary to 

decrease the particle size of a catalyst and improve their distribution/dispersion.25 To 
achieve this, researchers have employed conductive nanostructures with a large surface 
areas as their backbone. Carbon-based 3D structures such as reduced GO (rGO) have 
been widely used to leverage their extremely high surface area and excellent electronic 
conductivity.24,26–28 Being mostly carbon, GO is a readily available resource supplied 
abundantly in nature with its mass production of graphene. Industry markets have already 
enabled its scalability and cost competitiveness.29 

3.2.1. Synthesis methods of GO 
Nearly 160 years ago, British chemist Brodie treated graphite with potassium 

chloride, fuming nitric acid, and water to create graphitic acid. This method was modified 
by the chemists from the Institute of Industrial Research in Mellon by Hummer and 
Offerman to create GO using sulfuric acid, potassium permanganate and sodium nitrate. 
This method, which resulted in more oxygen-based groups, was later termed the 
Hummer’s method.28 

 

 
Figure 3.1: Schematic diagram depicting the Tour’s method 

 
However, as other scientist realized, the core GO sheets were incompletely 

oxidized when using the Hummer’s method (i.e. the addition of oxygen-based groups is 
incomplete). To completely oxidize the oxygen-based groups, Koutyukhova30 introduced 
H2SO4, K2S2O8, and P2O5 to pretreat graphite in theory. However, this pretreatment of 
graphite was later discarded as smaller or thermally expanded graphite flakes could more 
readily add oxygen-based groups to GO. Despite the advancement, safety concerns over 
the Hummer’s methods using NaNO3 began to rise. The byproduct of using the acid 
caused toxic gases such as NO2, N2O4 and ClO2, thus inhibiting its industrial application. 
To combat this issue, researchers from Rice University eliminated the use of NaNO3 and 
also, reduced the number of steps from over 25 to roughly 8 using a 9:1 mixture of 
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H2SO4/H3PO4 (Figure 3.1).31 Furthermore, the use of H3PO4 provided more interactions 
of the sp2 carbon domains in the basal planes, thereby producing a larger yield than the 
Hummer’s method. Another advantage of this approach is a further oxidation of diols 
which are known to be unreactive, as result of the five-membered phosphor ring in 
H3PO4.28,31–33  

3.2.2 Theoretical Structure of GO 
Researchers initially theorized the chemical composition of GOs as a 6-edge ring 

structure with oxygen groups attached.34 Later in 1959, Hofmann and Holst found epoxy 
groups are attached to the basal plane of GOs.35 In 1946, Ruess modified this structure by 
introducing hydroxyl groups and corrugating the basal plane. His model added the 1,3-
ether on the cyclohexane ring with the four-position hydroxylated and described 
graphene oxide as “stoichiometrically uniform”.36 Mermoux in 1991 supported this 
observation and accounted for the large hydrogen content within GO.37 In 1957, Clauss 
and Boehm introduced the C=C bonds, ketone, cholic groups, and carboxylic groups on 
the very edges of GO.38 Later, Boehm and Scholz modified the this theory by introducing 
layers into a conjugated GO layers. This layers would have alternating linked quinone 
structure, opened cyclohexanes ring in chair conformation, epoxy/ether structures, and 
hydroxyl groups in the four-position of 1,2-oxidized cyclohexane rings.39 Moving 
forward to 2012, Dimiev described GO as having a “dynamic structure model” in regards 
to water. Dimiev theorized, as time progresses, water gradually degrades GO and 
converts it into a humid acid-like structure.40 To combat this, researchers like Kim et. al.  
indicated how GO’s liquid crystallinity could be maintained with the addition of 
nanoparticles or polymers.41 Unfortunately, the exact structure of GO still eludes many 
within the field. This lack of understanding is mostly due to the variability within sample-
to-sample fabrication.28,33,42 

3.2.3. Functionalization of GO 
Functionalization of GO is the process of adding new functional groups by 

changing the surface chemistry of GO for enhanced properties. Forms of 
functionalization include covalent attachments with amides,43 hydroxyl groups, and 
epoxides. Hydroxyl groups can be combined with nitriles by an aqueous solution to 
maintain tunability and functionalities for electronic transport.44 Epoxides, which occupy 
the basal plane, could be opened for greater utilization via SN2 reactions.45 SN2 reactions 
are nucleophilic reactions in which a bond formation is due to another bond breaking and 
ion dispensing, possible if and only if the backside route is not sterically hindered by 
substitutes on the aliphatic sp3 carbon center.46 Therefore, using a SN2 reaction can open 
ring conformation within GO, and thus adding amines using 3-
aminopropyltriethoxysilane (ATPS).  The idea of using epoxides for basal utilization via 
non-covalent bonding can increase catalytic behavior will be discussed in later 
Chapters.47,28 

3.2.4 Heteroatom doping into GO 
Heteroatom is strictly defined as atoms other than carbon or hydrogen. When 

describing heteroatoms doping GO, we describe the typical 6-ring structure having an 
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atom that is typically  nitrogen, boron, a transition metal, or TMO. In this section, 
nitrogen and boron heteroatom doping into GO will be explained briefly. In section 3.5, 
transition metal and TMO doped GO (and MOF) will be extensively explained as a 
catalyst for ORR and OER performance. 
Boron Heteroatom Doped GO 
 
Electron-deficient boron is used for effective chemical doping due to it having three 
valence electrons, allowing it to functionalize to the inert sp2 carbon structure. This 
allows abundant free‐flowing π electrons and possibly improve the conductivity of 
carbon materials by increasing the density of holetype charge carriers.48,49 Several studies 
show its ability to compete with Pt (η = 7.98 ± 0.05%).50 Others showed increased 
capacitance using reduced GO (termed rGO) with the introduction of boron (B-rGO), 
which was the result of boron’s valences and ability to adhere.51 Other types of boron 
heteroatom includes nitrides, in which nanotubes are use as carbon source, where 
researcher reported a stable hydrogen storage catalysts.52 They attributed, like the other 
studies mention, the interaction between carbon and boron. 
Nitrogen Heteroatom Doped GO 

GO heteroatoms, such as nitrogen, can be doped into the graphitic basal plane and 
change both the electronic and structural properties. As seen Figure 3.2, three major types 
of bonding exists: (a) graphitic N are substituted  on the inner surface of graphene, (b) 
pyrollic, and (c) pyridinic both found at the edge defects that donate two and one p 
electrons to pi system respectively. Pyridinic N hybridization is sp2 whereas pyrollic N is 
sp3.53,54 

 
Figure 3.2: Three types of nitrogen bonding upon graphene: pyridinic, pyrrolic, and graphitic N. Schematic 
was used from Nitrogen-doped graphene and graphene quantum dots: A review on synthesis and 
applications in energy, sensors and environment.55 

 
At lower temperatures, it is observed that the pyrrolic form of nitrogen is more 

dominant.56 Graphitic nitrogen doping can lead to a nonuniform electron distribution that 
can shorten the C-N bond, thus facilitating more O2 adsorption and subsequent 
dissociation of the O-O bonds. Other studies, for pyrindinic N, have shown without the 
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use of metal oxides, high performance activity was achieved due the change of 
morphology and structure of rGO rather than the electron distribution.28,57  

Extensive research has been made on the ORR mechanism of N-graphene in 
which earlier studies showed how oxygen could be reduced either the direct four-electron 
pathway or two-electron pathways. Huang et al. showed a graphene model possessing 
two neighbor N atoms in a zigzag edge following a two-electron pathway.58 Zhang et al. 
was able to reach a four-electron pathway with the introduction of graphene in an acidic 
environment59 while Yu et. al used an alkaline environment.59 Dissociative and 
associative mechanism show that ORR was more energetically favored following a four-
electron pathway with the introduction of N-graphene.60 
 
3.3 Metal Organic Frameworks 

Metal organic framework (MOF) is a type of supporting structure (framework) 
that links polyatomic clusters (secondary building blocks) using strong directional 
covalent bonds. A point of contention often comes from this definition, as some 
researchers define MOFs as the coordination of polymers.61 SBUs are commonly a 
carboxylate that can be categorized as ditopic, polytopic, or with just one branch point. 
The metal framework can be a finite cluster of a polygonal shape or infinite cluster like 
an octahedra. The shapes of metal frameworks are defined as points of extension where 
they are linked to an organic linker at a specific point which creates a specific framework 
with a desired pore, chemistry, and geometric shape. The branch of chemistry that covers 
MOFs is known as reticular chemistry. Reticular chemistry is the study of design and 
synthesis of materials targeted symmetrical structures by linking together SBUs using a 
chemical bond.62–64 

MOFs have extraordinarily high surface areas (ca. 6000 m2 g-1), tunable pore size, 
and changeable surface properties. Early examples of a MOF include a two-periodic net 
made of zinc-benzenedicarboxylate (MOF-2). This structure containing two zinc atoms 
that are linked in a periodic square array shows high microporsity and surface area. 
MOF-3 (now known as MOF-4) has a framework of zinc-1,3,5-benzenetricarboxylate 
whose metal ions had a triangular shape, specifically, the chiral cubic net known as SrSi2-
type net. Shortly after the MOF-3 (MOF-4) was created, the MOF-5 with the zinc 
carboxylate cluster with six carboxylate carbons forming a regular octahedron with 
tetrahedral symmetry was created. This was very important linkage as the cavity within 
the actual structure could be formed without much degradation, thus providing enhanced 
surface area, porosity, and stability. These few examples of early MOFs were only 
possible because of the work by O’Keeffe and Yaghi that deconvoluted the MOFs 
underlying topological nets, thereby, beginning the first subsequent descriptions/designs 
for other MOF structures.65 This helped with the fabrication of other MOFs using 
HKUST-1 (Cu3(btc)2, btc=1,3,5-benezenetricarboxylate) with high porosity and low 
pressure gas sorption. Then the development of chromium(III) terephthalate (MIL-101) 
with high chemical stability, MOF-74 (Zn2(dhbdc), dhbdc=2,4-dihydroxy-1,4-
benzenedicarboxylate) with low pressure adsorption of CO2, were made. Various other 
types of MOFs have been made with different types of metal clusters and organic linkers. 
However, the effects of the metal clusters and organic linkers to effect synergy (binding 
conditions as mentioned in Chapter 2) has yet to be studied extensively.66 
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3.4 Methods of fabricating TMO-NC hybrids 

3.4.1 CVD 
CVD involves a chamber in which one or more heated objects are coated with a 

flowing precursor. Chemical reactions between the precursor and the heated objects 
results in the deposition of a thin film on the surface, accompanied by the products of 
such reactions.67 CVD has the advantage of depositing relatively uniform thin films on a 
substrate with a high-aspect ratio and/or severe corrugation. One of the most favorable 
aspects of CVD is its ability to deposit a variety of materials with a very high purity and 
high deposition rates.54,68,69  

For carbon substrates in general, CVD can decompose carbon feedstock via heat 
to provide a source of carbon coatings which can rearrange to form sp2 carbon species on 
a catalyst.70 For example, hydrocarbons gasses can form from NCs. Many researchers 
utilize precursors such TMOs to prevent hydrocarbons from forming.71,72  

However, carbon coatings can lead to interfacial stress of dissimilar layers due to 
their incompatible thermal expansion coefficients causing mechanical instabilities.73–75 
This is especially true for hybrids of NCs and TMOs as their thermal expansion rates are 
substantially different (roughly 60x10-6 vs. 4x10-6, respectively).76  

 
Figure 3.3: Depicts electrodeposition with a two-electrode system in suspension with an applied DC 
voltage. The green circles represents anions and the blue circles represent the metal cations that will be 
reduced and coated on a substrate during electrodeposition. 

 3.4.2 Electrodeposition 
Electrophoretic deposition includes electrophoretic coating, electrocoating, 

electrophoretic painting, and electrodeposition.77 As shown in Figure 3.3, under a DC 
bias, metal ions (blue circles) are attracted to the negatively charged substrate, 
electrochemically reduced and deposited as a metal film while anions (green circles) are 
directed to the other electrode for charge compensation. A major disadvantage of the 
electrodeposition is the non-uniform and inconsistent deposition, causing general 
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decrease of catalytic activity within the material and between the base metal and coating 
metal.78 Since a large positive potential delaminates GO from its substrate, a low 
potential has to be utilized for GO-based samples.69 This is also true for other types of 
carbon-based electrodes. 

3.4.3 Hydrothermal reaction 
  

The hydrothermal method (HTM) is an approach of creating crystals from 
aqueous solutions under a high-pressure condition. Three HTM modes exist: metastable-
phase, temperature-reduction, and temperature-difference.79 The metastable-phase 
method is performed at temperatures below the supercritical temperature of water. This 
process, however, can produce both unreacted material and crystalline structures.80 The 
temperature-reduction method is a process where a crystallization occurs without a 
temperature gradient between growth and the dissolution zones. Instead, supersaturation 
occurs when the temperature of the solution decreases, resulting in an uneven growth.81 
The temperature-difference method is favored due to its ability to reach supersaturation 
by reducing the temperature in the crystal growth zone (See Figure 3.4). This is important 
as many nanocarbon structures like GO and MOF-derived 3D carbon require 
supersaturation after adsorbing crystalline metal oxides. HTM also provides an 
environment for dissolved ions to nucleate while inside the HTM vessel. Therefore, it is 
suitable to use the HTM to fabricate a hybrid electrode of crystalline metal oxides and 
carbon.82–85 

 
 
 
 

 
Figure 3.4: Precursors are placed inside an HTM vessel. The HTM vessel is then placed inside an autoclave 
where two temperature zones exist. The precursors dissolve inside the hotter zone and the saturated 
aqueous solution at the bottom is moved to the top by convection. The cooler part of the autoclave acts as a 
counterflow of the solution. This becomes supersaturated, thus allowing the temperature to decrease for 
crystallization to occur.  
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3.5. TMO/NC for ORR and OER 
To better understand how the interactions between TMOs and NC affect the 

performance of ORR and OER, a summary of relevant catalysis based upon several 
representative TMOs is provided below. The research below will demonstrate how, most 
research is mainly focused on heteroatom dopants. 
Cobalt oxide (CoOx) 
Cobalt oxides are the most prominently used oxides for fuel cells due to its low-cost, 
flexible valence shifts,86 and activity as an electrocatalyst towards ORR87,88. The high 
activity towards ORR often found in Co3O4 (spinel structure) where Co2+ and Co3+ 
occupy the tetrahedral and octahedral sites, facilitate electron transfer.89,90 However, 
cobalt oxide does not perform well in acidic media and tends to agglomerate thus 
exhibiting poor durability.91,92 Researchers combat poor conductivity and severe 
agglomeration of metal oxides by dispersing them in nanoparticles using a carbon 
structure.93–95 Examples of such materials were found in many reports. Dai et al. 
demonstrated that Co3O4 with rGO doped with nitrogen show an excellent activity 
towards both ORR (comparable to Pt/C) and OER.18 They attributed this performance 
with the Co-O-C and Co-N-C bond formation that caused a synergistic effect of the 
interfaces towards catalytic activity. Studies have shown that a strong covalent interaction 
between N and Co3O4 partially reduces the Co3+ (in the Co3O4) to Co2+. A strong 
covalent interaction, as a result of a reduction in valence state, can lead to enhanced 
catalytic  performance.96 Wang et al. used a similar interaction between MOF-cobalt 
derived, carbon cloth and nitrogen using thermal treatment. This enabled both mechanical 
stability and electrochemical performance significantly enhanced.97  

The addition of dopants like N, Br, P, etc. into a carbon structure can change the 
charge distribution and spin density of nearby carbon atoms creating more active sites for 
ORR.98 Tung et al. demonstrated a hybrid of Br and  N doping into graphene enriches 
oxygen vacancies and Co-N-C active sites,99 resulting in the onset potential of 0.95 V vs. 
RHE in 0.1 M KOH and an electron charge transfer number close to 4. A similar study 
was performed in an MOF-derived carbon to enrich oxygen vacancies and create active 
sites.100  

A study using a different type of NC called graphitic carbon nitride (G-C3N4) 
demonstrated how the shell is used to generate active sites. Generation of active sites 
were demonstrated by trapping cobalt ions and GO sheet in the G-C3N4, thereby 
collecting the electron by covalently supporting the core-shell structures (changing the 
interface).101 They theorized that the high stability of this catalyst was due to the 
releasing of Co ions from the cobalt core that would have “regenerated” active sites. One 
study argues that the charge transfer between graphene and Co3O4 nanosheets to be the 
primary reason for electrocatalytic properties based upon DFT analysis, where they 
experimented on the doped hybride Co-S/G microwave argon plasma sample.102  
Iron oxide (FeOx) 
Iron oxide is economical, abundant and highly selective towards ORR.103 Iron oxide 
however, suffers from poor mechanical characteristics to be used for catalysis: 
uncontrollable growth and agglomeration.104 To better address this, Zhao et. al. created 
nano-Fe3O4/graphene and FeO(OH) nanoflake/graphene composites. The latter was 
found to have efficient catalytic activity for both ORR and OER.105 Zhao attributed the 
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enhanced performance to the positive synergistic coupling effects at the interface 
between iron oxide and graphene. Similarly, a MOF based study using iron phosphide 
and iron oxide created a positive electronic synergistic effect between the Fe and P with 
high porosity, thus providing both easy diffusion and efficient electron transfer.106 
Copper oxide (CuOx) 
Copper oxide has received significant attention as a electrocatalysis for ORR.107 By 
mixing CuOx with doped carbon, increasing activity towards the reduction of HOO- 
intermediate at the interface was seen. More specifically, when GO is doped with a N-
based ligand, Cu2+ ions have a greater affinity to form N-based ligand with GO. This can 
improve ORR activity in terms of current density, onset potential, and four-electron 
process.7 Another example includes the use of copper oxide/N-rGO synthesized via 
aqueous coprecipitation method,108 where an enhanced electron transfer number was seen 
as a result of mixing copper oxide and N-rGO. Another study using a similar hybrid and 
technique showed enhanced stability and ORR activity, accrediting to the synergistic 
effect at the interface between high graphitization and their encapsulated structures.109 
For MOF based samples, further calcination of hybrid samples lead to improved 
performance.110 
Manganese oxide (MnOx) 
Manganese oxide has high stability, low cost, variable oxidation states and has effective 
catalytic performance towards ORR. Oxygen defects have been introduced to Mn-based 
oxides using thermal reduction (Mn4+ to Mn3+) to improve electrical conductivity which 
has, in turn, been proven to be catalytically more active than Pt/C.111 One study by Shao-
Hon et. al. suggested that a mix of Mn3+/4+ and Mn3+/4+ >1 valence created a four electron 
pathway and improved overall kinetics.112 Mn3+ is an active intermediate state that can 
greatly improve catalytic performance.113 This behavior is due to the presence of the 
electron resulting in the John-Teller distortion.114  

However, when using Mn3O4 for its mixed valency studies showed poor structural 
stability, and low electrical conductivity impacting ORR.115,116 Therefore, to improve 
both morphology and electrocatalytic activity, a carbonaceous substrate (graphene) was 
added to MnOx. Difficulties can arise when using a carbon substrate as the valence 
diversity will decrease.92,117–121 Cao et al. was able to combat the difficulty by 
synthesizing a new hybrid of carbon and MnOx without compromising the flexibility in 
the valence states of Mn (Mn2+ and Mn3+).122 Li et. al also demonstrated how the 
combination between manganese oxide and graphene oxide accelerated ORR and 
decreased overall resistance.123 The decrease in overall resistance occurred because of the 
enlarged contact area between oxygen and electrode catalyst.124 Other studies, Bag et. al, 
demonstrated how N-rGO and Mn3O4 could be combined using hydrazine, a common 
reagent to functionalize rGO as a result of increasing contact area.125 This 
functionalization increased ORR performance in alkaline solution in which the onset 
potential was -0.075 V vs. Ag/AgCl (~0.90 V vs. RHE). Wu et. al. demonstrated how 
nanowires of MnO2 in a 3D compound with graphene changed the crystalline phase that 
enabled a four-electron ORR pathway. 
Transition metals specifically for OER 
Electrocatalyst using TMOs have been studied extensively due in part to their chemical 
stability for water oxidation reaction.126–128 Research has indicated that iridium and 
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ruthenium oxides are the most active catalysts for water splitting in acidic media.127,129,130 
Iridium oxide is favored for its long term stability in acid-based electrolysis.5,131 
However, using iridium oxide for industrial purposes is not desirable as the commodity is 
in short supply, causing it to be prohibitively expensive for large-scale applications. 
Cheaper alternatives exist for the electrochemical oxidation of water such as abundant 3d 
transition metal oxides that have high catalytic activity towards OER.129,132–136 As seen 
before, the use of a carbon source, such as graphene oxide, with a transition metal 
enhances the OER activity (cobalt oxide with N-GO created the Co-O-C and Co-N-C 
bond). 
 
Table 3.0: Table of GO with particular metal oxides, fabrication method, and performance/stability. 

 

GO / Metal Oxide Fabrication Method Onset potential Durability 

GO/ Pt/SnO2 Self-assembly 0.95 V vs. RHE 82% of Pt137 
GO-CNT/ Pt/SnO2 Self-assembly 0.99 V vs. RHE 21.5% of Pt138 

GO/Co3O4 HTM 0.3 V vs. SHE 110% of Pt139 
GO/Fe2O3 HTM -0.01 V vs. Hg/HgO 90% of itself140 
GO/Fe3O4 HTM -0.2 V vs. Hg/HgO 88% of itself140 
GO/Mn3O4 Electrodeposition 0.86 V vs. RHE Not avaliable141 
GO/MnO2 Electrodeposition -0.35 V vs. SCE 141% of MnO only142 
GO/NiO HTM 0.92 V vs. RHE Not avaliable143 
GO/CuO Self-assembly -0.1 V vs. RHE Not avaliable108 

GO/Pd-CeO HTM 0.95 V vs. RHE Not available144 
GO/MoO2 HTM 0.86 V vs. RHE 174% of Pt145 
GO/V2O5 Self-assembly 0.8 V vs. RHE 97% of Pt146 
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Chapter 4: Critical Impact of Graphene Functionalization for 
Transition Metal Oxide/Graphene Hybrids on Oxygen 
Reduction Reaction 
 
4.1 Introduction 

As described in Chapter 3, the excellent ORR performance of TMO/graphene 
hybrid catalyst has often been ascribed to a synergetic effect by the chemical coupling 
between TMOs and graphene. However, a detailed mechanistic study about the synergy 
is scarce. In this Chapter, we address the question of how the difference in chemical 
coupling between graphene and TMO NPs affects the route and kinetics of ORR. 
Specifically, the impact of graphene functionalization, which is performed prior to TMO 
incorporation, on the ORR behavior of resulting TMO/graphene hybrid catalysts are 
studied. Oxygen-containing groups such as epoxide (–O–), hydroxyl (–OH), and carboxyl 
groups (–COOH) are major adsorption sites of TMO NPs on graphene.1 To the best of 
our knowledge, there has not been a report about the dependency of ORR performance on 
the type of oxygen-containing functional group linking between TMOs and carbon. For 
the study, graphene flakes were treated with different acids to populate their surface with 
a specific functional oxygen group (FOG) before incorporating TMO NPs on them. Two 
different TMOs (commercial TiO2 NPs (P25) and solvothermally synthesized ZrO2 NPs) 
are considered in this study. In addition to a comparative study of ORR performances in 
these hybrid catalysts, factors of ORR activity and electron transfer pathway are 
discussed based upon a series of ex-situ physical characterization, electrochemical 
analyses and density functional theory (DFT) calculations. 

 
4.2 Methods 

 

4.2.1 Preparation of TMO/graphene Hybrid Catalysts.  
First, graphene oxide (GO) was synthesized by a modified Hummers method.2 

Briefly, 45 mm flake graphite powder (3 g) and KMnO2 (18 g) were mixed in 0.98 M 
H2SO4 (360 ml) and 0.75 M H2PO4 (14 ml) for 12 h at 50 °C. Afterwards, 400 ml of ice 
cubes were added to the solution. Once ice is melted, 3 ml of H2O2 and 50 ml of de-
ionized (DI) water were added sequentially. The resulting GO solution was centrifuged, 
filtered slowly with 200 ml of 0.1M HCl and 200 ml of deionized (DI) water, and 
allowed to dry.3  

Subsequently, acid treatments were performed on the GOs to functionalize the 
surface. 30 mg of GO, 3 ml of ethanol, and 27 ml of DI water were ultrasonicated for 0.5 
h, and 2 ml of hydrobromic acid (HBr) was then added and stirred for 14 h. The resulting 
solution was filtered with 200 ml of DI water and allowed to dry under a house vacuum 
to produce hG (hydrobromic acid-treated GO). Additional 600 mg of oxalic acid was 
added into the solution of hG, which was then stirred for 5 h and dried in vacuum to 
generated oG (oxalic acid-treated G). 
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To synthesize TMO/graphene hybrids, hydrothermal reaction was performed. For 
TiO2/graphene, 10 mg of dry GO (we call the non-treated GO as G hereafter), hG or oG 
was added to a solution of TiO2 (P25; 600 mg), DI water (60 ml) and ethanol (30 ml). 
The suspension was stirred for 2 h and underwent a hydrothermal reaction at 160°C for 
24 h in a 90 ml Teflon-sealed autoclave to produce TiO2/graphene hybrids: T-G, T-hG 
and T-oG, respectively. The same process was used for ZrO2/graphene hybrids with 
exception of using 0.3 M of ZrOCl2×8H2O instead of P25 and the hydrothermal reaction 
being performed at 220°C for 18 h, to produce Z-G, Z-hG and Z-oG. 

4.2.2 Material Characterization  
The morphology and size of NPs were characterized by transmission electron 

microscopy (TEM; Philips CM300 FEG system, 300 kV). TEM samples were prepared 
by drop-casting a catalyst suspension in ethanol (sonicated for 2 h with a concentration of 
1 mg ml-1) upon a 3 mm Lacey carbon 400 mesh grid (Ted Pella), followed by an 
ambient drying. X-ray photoelectron spectroscopy (XPS) was performed on a PHI 
Quantum 2000 system using a focused, monochromatic Al Kα X-ray (1486.6 eV) source 
for excitation and a spherical section analyzer (200 µm diameter X-ray beam incident to 
the surface normal; detector set at 45°). The collected data were referenced to an energy 
scale with binding energies for Cu 2p3/2 at 932.7 ± 0.1 eV and Au 4f7/2 at 84.0 ± 0.1 eV. 
For XPS, catalysts were dispersed in ethanol and drop-cast onto a cleaned Si wafer. X-ray 
diffraction (XRD) pattern was recorded by a PANalytical X’Pert PRO with Co Ka 
radiation (l = 1.78897 Å) at the step size of 0.02° and scan rate of 0.04 ° s–1. For XRD, a 
solution of 5 ml ethanol per 10 mg catalyst was sonicated for 2 h, drop-casted upon an 
aluminum disk, and dried in ambient air. Fourier transform infrared spectroscopy (FT-IR) 
samples were dried under vacuum for 10 h and placed on a diamond crystal before 
spectra were recorded (Nicolet 380 system, Thermo Scientific).  

4.2.3 Electrochemical Characterization  
The ORR activity of the catalysts was evaluated in 0.1 M KOH with cyclic voltammetry 
(CV), rotating disk electrode (RDE) and rotating ring disk electrode (RRDE) on a SP-200 
system (Bio-Logic Science Instruments) with a rotator (RRDE-3A, ALS Co. Ltd.) in a 
three-electrode setup where an Ag/AgCl/KCl (3.5 M) electrode and a Pt wire were used 
as the reference and counter electrode, respectively; a comparison using a graphitic rod 
(instead of a Pt wire) as the counter electrode is presented in Scheme 3.1. All 
electrochemical data were expressed with respect to the reversible hydrogen electrode 
(RHE) after a calibration in saturated H2 environment. The working electrode was 
prepared by drop-casting each electrode ink onto a 4 mm glassy carbon disk electrode. 
The ink was prepared by immersing 15 mg of TiO2/graphene or ZrO2/graphene catalyst 
material into 2.21 ml of ethanol along with 3.75 mg of carbon black and 73  µl of 5 wt. % 
Nafion (Nafion D-521, Alfa Aesar). 23 µl of solid phase substance (TMO/graphene, 
additional carbon black and Nafion) was loaded on the glassy carbon working electrode 
(~0.18 mg cm–2). To prepare for Pt/C ink, 15 mg of commercial Pt/C (20 wt. % Pt 
supported on Vulcan XC72) was added instead of TiO2/graphene or ZrO2/graphene by 
having the amount of solvents and additives unchanged. Therefore, all electrodes have a 
total solid loading of ~0.18 mg cm-2, and a catalyst/carbon (TiO2/graphene, 
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ZrO2/graphene or Pt/C) loading of ~0.12 mg cm-2. After catalysts were placed, they were 
dried on the electrode under N2 at 32 sccm rotating at 750 rpm. O2 and N2-saturated 
environment for electrochemical characterization was implemented by flowing high-
purity O2 and N2 gas at 32 sccm into 30 ml of electrolyte for > 30 min. To check if any 
difference came between using a graphitic rod versus a pt wire, a side by side test was 
conducted as seen in Figure 4.1. 

 

 

Scheme 4.1 Schematic drawing depicting surface functionalization of graphene oxide by acid treatments 
and hydrothermal reaction-based synthesis of TiO2/GO and ZrO2/GO hybrid catalysts. 
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Figure 4.1 Graphitic rod versus Pt wire as the counter electrode. RDE voltammograms of (a) T-oG and 
(b) Z-hG in O2-saturated 0.1 M KOH at a sweep at of 5 mV s-1. No appreciable difference is found in the 
curve. 

 

4.2.4 Modeling and Computation 

 
 

 

Figure 4.2: The structures of functionalized graphenes and TiO2 slab, with a carboxyl group attached on (a) 
the edge site of graphene and (b) the basal plane site of graphene. 
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The stability of TiO2/graphene and ZrO2/graphene interfaces and the preferred 
electron transfer pathways of ORR were assessed by calculating the electronic energy of 
each interface structure and intermediate structures during the ORR. DFT calculations 
were performed within Perdew-Burke-Ernzerhof parameterization4,5 of Generalized 
Gradient Approximation (GGA) with Projector Augmented Wave (PAW) potentials6 as 
implemented in the Vienna Ab initio Simulation Package (VASP).7–9 Both the volume 
and the shape of the supercell were optimized during the relaxation. 520 eV of cutoff 
energy together with a k-space mesh, which was adjusted depending on the size of 
supercell, ensured an energy convergence of 1 meV per atom. A total of six interface 
structures were examined: TiO2-epoxy-graphene (TEG), TiO2- 
hydroxyl-graphene (THG), TiO2-carboxyl-graphene (TCG), ZrO2-epoxy-graphene 
(ZEG), ZrO2-hydroxyl-graphene (ZHG), and ZrO2-carboxyl-graphene (ZCG). Each 
interface structure was modeled by one 8-layer TiO2 or ZrO2 slab structure, one layer of 
graphene, and one functional group molecule linking the slab and the graphene. {001} 
and {111} facets were adopted for the TiO2 and ZrO2 slab structures, respectively. The 
modeled interface structure was placed in a computational supercell and surrounded by 
empty space (~15 Å) along the direction normal to the interface to exclude the influence 
from its self-images. The distance between the slab and the graphene was adjusted to 
produce the lowest enthalpy of formation, Ef, which was defined as Ef = Eint – (Eslab + Egr 
+ Efg) where Eint is the electronic energy of the interface, and Eslab, Egr, and Efg, are the 
electronic energy of the slab, the graphene and the function group composing the 
interface structure, respectively. Two different sites on graphene were examined for 
bonding to the functional groups: the edge site and the basal-plane site of graphene as 
illustrated in Figure 4.2 (referred hereafter as edge-bonded and plane-bonded interfaces, 
respectively). 

The electron transfer pathway was studied by calculating the electronic energy of 
the intermediate states that could occur during the ORR in alkaline solution10,11 and 
obtaining the change in the enthalpy of formation (!Ef) with respect to the interface 
structure, oxygen molecules, and water molecules. For the dissociation process of one O2 
molecule, interface structures with two oxygen atoms attached were examined and thus 
!Ef was calculated by !Ef = Eint-2O* – (Eint + EO2), where Eint-2O* and EO2 are the 
electronic energy of interface structure with two dissociated oxygen atoms (O*) and one 
O2 molecule, respectively. Interestingly, the “edge-bonded” interfaces exhibited a 
positive !Ef, which implied the dissociation in this structure would be unfavorable. 
Hence, we examined only the “plane-bonded” interfaces for further study of the ORR. 
The association process of one water molecule was modeled based on the dissociated 
interface structures. In case of the ORR in alkaline solution, two (4- and 2-electron 
transfer) pathways are suggested for the association process. In the association via 4-
electron transfer pathway, one O* will be detached from the dissociated interface to 
combine with one proton, which will be dissociated from a water molecule, to form a 
hydroxide. Hence the !Ef for the 4-electron transfer pathway was obtained by !Ef = Eint-
O* + 2EOH – (Eint + EO2 + EH2O), where EOH and EH2O are the electronic energy of a 
hydroxide and a water molecule. In case of the association via 2-electron transfer 
pathway, one proton from a water molecule is attached to the O*s on the interface to form 
O*O*H-, and hence, the !Ef was obtained by !Ef = Eint-O*O*H + EOH – (Eint + EO2 + EH2O). 
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To complete the association process, another water molecule needs to be associated to 
produce the 4 hydroxides per the dissociation of one O2. However, we will focus on !Ef 
during the first step of the association (the association of one water molecule as described 
above), because it will be more significant to determine the preferred electron transfer 
way – the !Ef simply increased to zero during the second step of the association (the 
association of one additional water molecule) in either pathway. The calculated !Ef will 
correspond to the one from the ORR with gaseous phase water and oxygen molecules, 
and thus, it should be calibrated to obtain the voltage for the ORR in alkaline solution. 
However, such a calibration was not made in this study, because the primary goal of this 
study is to determine the preferred electron transfer pathway by comparing the !Ef 
between different intermediate states, not to calculate the potential of ORR. The 
activation energy barrier for breaking a bond between a functional group and graphene, 
which was observed to occur prior to the dissociation of O2, was obtained by calculating 
the change of electronic energy while manually translating the graphene by the increment 
of 0.08 Å from its optimal position in the interface. 

 
4.3 Results and Discussion 

4.3.1 Functionalization of Graphene Surface. 
Three different kinds of GOs were prepared before tethering TiO2 or ZrO2 NPs 

onto them: as-synthesize GO (G), hydrobromic acid-treated G (hG) and GOs treated with 
both hydrobromic and oxalic acid (oG). Chemically exfoliated graphene oxide sheets are 
known to have their basal planes functionalized predominantly with epoxy and some 
hydroxyl groups while carboxyl groups are mostly located at the edges.12,13 A 
hydrobromic acid treatment is intended to form more hydroxyl group via a ring-opening 
of epoxide groups, and an additional treatment with oxalic acid is expected to convert 
hydroxyl groups to carboxyl groups, by which a significant amount of carboxyl groups 
can be present on the basal plane as well;14 a conceptual schematic diagram is provided in 
Schematic 4.1. FT-IR spectra presented in Figure 3.3(a) shows that hG has a more 
pronounced C–OH stretching of hydroxyl groups (1220 cm-1) than G with a slightly 
lowered C–O stretching adsorption of epoxy groups (1060 cm-1). This suggests a partial 
conversion of epoxide groups into hydroxyl groups on the GO sheet. In addition, oG has 
a larger C=O absorbance (1710 cm-1) than G and hG indicating a carboxylation by the 
additional oxalic acid treatment. High resolution XPS was additionally performed to 
compare the relative amount of oxygen-containing functional groups. Figure 4.3(b) and 
Figure 4.3(c) show that oG has a stronger C=O/O–C=O peak (287.9 eV in C 1s and 531.3 
eV in O 1s) than hG and thus a higher concentration of carboxyl groups, in accordance 
with the FT-IR observation.  
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While the G and oG are found to have a comparable amount of C=O, the oG is 
believed to have a significant portion of the carboxyl groups on its basal planes unlike the 
G where the C=O bonding is known to be mostly concentrated along the edges and 
wrinkles.12,13  

4.3.2 Physical Characterization of Hybrid Catalysts.  
The TEM images in Figure 4.4 show that the TiO2 NPs in the three TiO2/graphene 

electrodes spans 10 – 30 nm in size while the size of ZrO2 NPs in the three 
ZrO2/graphene samples are 3 – 10 nm. Both NPs tends to be more populated along the 
edge of graphene while a significant amount of NPs are also present on the basal plane. 
As noted in the Method section, TiO2/graphene and ZrO2/graphene hybrids made of G, 
hG and oG are denoted as T-G, T-hG and T-oG, and Z-G, Z-hG and Z-oG, respectively 
(Schematic 4.1). 

 

 

Figure 4.3 (a) FT-IR spectra of G, hG and oG. All measured after being dried. (b) XPS C 1s spectra of G, 
hG and oG. Binding energies of 284.0, 286.3 and 287.9 eV correspond to C-C/C=C, C-O/C-O-C and 
C=O/O-C=O bonding, respectively. (d) XPS O 1s spectra of G, hG and oG. Binding energies of 531.3 and 
532.2 eV correspond to C=O and C-OH bonding, respectively. 
 

Table 4.1: Calculated mass ratio of rutile (fr) computed from the signal counts of (101) peak of 
anatase and (110) peak of rutile for all Ti based samples. See the section entitled “Quantification of 
mass ratio between anatase and rutile” above for the equation used to quantify these. 

Parameter P25 GT HGT HOGT 

Ir (counts) 2,083 2,133 2,104 1,268 

Ia(counts) 11,528 13,000 14,638 7,746 

fr (%) 18.5% 17.1% 14.8% 17.1% 
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The XRD patterns of TiO2/graphene hybrids (Figure 3.5(a)) reveals that the TiO2 
is a mixture of anatase and rutile as expected in P25.15 The mass fractions of rutile phase 
in all the TiO2/graphene samples were quantified to be 15 – 18% from the relative 
intensities of the strongest diffraction peaks of the two phases: (101) peak of anatase and 

(110) peak of rutile (see Table 4.1). 
 
 

There is little appreciable differences in the rutile percentage between 
TiO2/graphene variants. On the other hand, the crystal structure of ZrO2 in the 

 

Figure 4.4 TEM images of (a) T-G, (b) T-hG, (c) T-oG (d) Z-G, (e) Z-hG and (f) Z-oG 
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ZrO2/graphene hybrids (Figure 3.5b) was found monoclinic as expected; tetragonal and 
cubic phases are known to be unstable at ambient conditions.16,17 The average particle 
sizes of TiO2 and ZrO2 NPs were obtained using the Scherrer equation18 based upon 
anatase (101) peak for TiO2 and monoclinic (1#11) peak for ZrO2. The calculated NP sizes 
were T-G: 17.6, T-hG: 19.2, T-oG: 15.1, Z-G: 5.7, Z-hG: 4.7, and Z-oG: 9.3 nm in 
agreement with the TEM images. 
 
 
 

Figure 4.5: XRD spectra of (a) T-G, T-hG, T-oG and P25, and (c) Z-G, Z-hG and Z-oG. Co Ka radiation 
(l = 1.78897 Å) was used. Note the peak locations of background is marked in the bottom. JCPDS Card 
No. 21-1272 and 21-1276 for TiO2; ICDD Code No. 01-086-1451 for ZrO2. FT-IR spectra of (b) T-G, T-
hG and T-oG, and (d) Z-G, Z-hG and Z-oG. 
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An interesting XRD result is about the peak at 26.5°, which corresponds to the 
(002) diffraction of graphene (d-spacing of 0.39 nm) formed by graphene sheet 
restacking.19,20 Graphene sheets tend to restack upon each other due to p-p stacking 
interaction and van der Waals attraction between their basal planes.1,21 If there were a 
stable spacer between graphene layers, however, it would suppress the restacking of 
graphene sheets. In this sense, the absence of 26.5° peak in the T-oG (TiO2 on 
carboxylated graphene) and Z-hG (ZrO2 on hydroxylated graphene) is likely due to a 
stable anchoring of their TMO NPs on the graphene surfaces. On the other hand, a 
distinct diffraction peak at ~26.5° found in all the other hybrid samples (T-G, T-hG, Z-G 
and Z-oG) implies a significant restacking between their graphene layers probably due to 
an unstable anchoring of NPs. It was reported that the adsorption of TiO2 on graphene is 
calculated to be most stable on carboxylate sites,22 which is well aligned with the absence 
of (002) peak from T-oG. The FT-IR spectra shown in Figure 4.5(c) and Figure 4.5(d) 
support the XRD analysis. In comparison to the spectra of G, hG and oG (Figure 4.3(a)), 
those for TiO2/graphene (Figure 4.5(c)) and ZrO2/graphene hybrids (Figure 4.5(d)) show 
that oxygen-containing functional groups (C–O, C–OH and C=O) were largely removed 
after anchoring TMO NPs, except for the C=O stretching in T-oG and the C–OH 
stretching in Z-hG. This indicates that only the TiO2 NPs on carboxyl groups and ZrO2 
NPs on hydroxyl group are still tethered on the graphene surface while all other unbound 
functional groups were removed during the hydrothermal reaction. This corroborates the 
aforementioned analysis on the ~26.5° XRD peak. On the other hand, the adsorption at 
low frequency region < 1000 cm-1 is ascribed to the vibration of Ti–O stretching in 
TiO2,15 and Zr–O stretching in ZrO2.23  

Figure 4.6 presents the Ti 2p XPS core-level spectra for TiO2/graphene and the Zr 
3d spectra of ZrO2/graphene hybrids. The Ti 2p3/2 and Ti 2p1/2 peaks of T-G, T-hG and 
T-oG are located ~0.3 eV lower than the reported binding energies of the stoichiometric 
TiO2 (459.1 and 465.0 eV, respectively),24 indicating the existence of lower valence 
states (e.g. Ti3+) in the P25 NPs. Likewise, the Zr 3d5/2 peaks of the three samples are 

  

Figure 4.6: (a) XPS Ti 2p spectra of T-G, T-hG and T-oG. (b) Zr 3d spectra of Z-G, Z-hG and Z-oG. For 
standard TiO2 and ZrO2 spectra 
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located ~0.3 eV lower than the reported binding energies of the stoichiometric ZrO2 
(182.6 eV)25. The slightly lower value also indicates an existence of lower Zr valence 
states.26 More importantly, there is little difference in the peak locations of Ti 2p3/2 , Ti 
2p1/2 , Zr 3d5/2 and Zr 3d1/2 (and thus in the stoichiometry of TiO2 and ZrO2 NPs) between 
the samples of each kind (TiO2/graphene or ZrO2/graphene). Therefore, the differences in 
ORR activity of hybrid catalysts (to be shown below) are not originated from any 
changes in valence state while the presence of low valence states may be a prerequisite 
for a high ORR activity. The wide scan XPS spectra of functionalized GOs and 
TiO2/graphene and ZrO2/graphene variants are provided in Figure 4.7. 
 

 
 

 
 

 

Figure 4.7:  Wide scan XPS spectra of (a) functionalized graphene (G, hG and oG) and (b) 
TiO2/graphene and (c) ZrO2/graphene hybrid variants. Samples were drop-casted on a cleaned Si chip for 
the XPS analysis. 
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4.3.3 Electrochemical Characterization of Hybrid Catalysts 
To assess the ORR activities of TiO2/graphene and ZrO2/graphene hybrid 

catalysts, CV, RDE and RRDE were performed in an aqueous solution of 0.1 M KOH. 
All samples have a solid loading of 0.18 mg cm-2 Pt/C (20 wt. % Pt) with the same mass 
loading (0.18 mg cm-2) was also characterized for a comparison purpose. To probe the 
ORR activity of these catalysts, linear sweep voltammogram (LSV) was first performed 
in an O2-saturated 0.1 M KOH solution at 1,600 rpm. Among the TiO2/graphene hybrids, 
carboxylated graphene-based sample (i.e., T-oG) exhibited the highest onset potential 
(0.92 V versus RHE; all potentials versus RHE hereafter), half-wave potential (0.79 V) 
and current density (5.44 mA cm-2 at 0.2 V), close to those of Pt/C (0.92 V, 0.80 V and 
5.54 mA cm-2 at 0.2 V, respectively) as shown in Figure 4.8(a). As for ZrO2/graphene 
hybrids, however, hydroxylated graphene-based sample (i.e., Z-hG) showed the best 
performance with the onset and peak potentials of 0.92 V and 0.83 V, respectively, and 
the limiting current density of 5.39 mA cm-1 at 0.2 V, outperforming the other hybrids by 
a significant margin (Figure 4.8(b)). The other hybrid catalysts (other than T-oG and Z-
hG) exhibited significantly poorer ORR performances. On the other hand, it was reported 
that the location (basal versus edge sites) and types (C=O, C–OH, COOH, epoxide, etc.) 
of surface oxygen groups has an impact on the ORR activity.27 To check if the surface 
oxygen groups play a deterministic role in ORR activity before anchoring NPs, LSV 
curves of functionalized graphenes themselves without NP incorporation (G, hG and oG) 
are also provided in Figure 4.9. Their performances are found much poorer than the 
hybrid counterparts, proving that the high ORR activity of hybrid catalysts is not 
originated from the functionalized graphene itself. The two hybrids exhibiting excellent 
ORR performance in 0.1 M KOH, T-oG and Z-hG, were found to perform well in an acid 
medium as well. Both T-oG and Z-hG afforded high current densities in O2-saturated 0.5 
M H2SO4 with decent onset potentials of 0.77 V and 0.85 V, respectively (see Figure 
4.10).  

The LSV curves at different rotating speeds and corresponding Koutecky−Levich 
(K−L) plots (inset) are shown for T-oG (Figure 4.8(c)) and Z-hG (Figure 4.8(d)); those 
for the other hybrids are presented in Figure 4.11 and Figure 4.12. All the K−L plots 
exhibit linear slopes indicating a first-order ORR kinetics with respect to oxygen activity. 
The ORR kinetics were also quantified from the Tafel plots of mass transport-corrected 
kinetic currents for TiO2 and ZrO2-based NP/graphene hybrids (Figure 4.8(e) and Figure 
4.8(f), respectively). Tafel slopes of T-oG and Z-hG were 87 mV and 75 mV per decade, 
close to that of Pt/C (76 – 78 mV per decade) and significantly smaller than those of T-G, 
Z-G, T-hG and Z-oG (225, 235, 108 and 98 mV per decade, respectively). It is reminded 
that the two high-performance hybrids (i.e. T-oG and Z-hG) are the aforementioned 
catalysts with decent TMO-graphene bonds and without an appreciable restacking of 
graphene layers. CV curves of the hybrid catalyst are presented in Figure 4.13 showing 
the same trend in the onset potential and activity. 

In Figure 4.14(a) and Figure 4.14(b), the peroxide yield and electron transfer 
number (n) are presented based upon RRDE voltammograms (see Figure 4.15) obtained 
at a disk sweep rate of 5 mV s–1 while fixing the ring potential at 1.3 V. The peroxide 
yield was < 1.2% for T-oG and < 4.2% for Z-hG, and n was 3.96 for T-oG and 3.94 for 
Z-hG on average in a wide potential range of 0.35 – 0.85 V, suggesting a 4-electron 
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pathway dominated ORR process. The T-G, Z-G, T-hG and Z-oG, however, exhibited 
much lower averaged n values of 3.21, 3.09, 3.51 and 3.12, respectively, in the potential 
window of 0.35 – 0.75 V. Similar n values were maintained only up to ~0.7 V, above 
which n started plunging. (A summary of ORR performance is provided in Table 4.2.). In 
addition, a durability of T-oG and Z-hG was compared to that of Pt/C in O2-saturated 0.1 
M KOH via a chronoamperometric measurement at 0.4 V (Figure 4.14(c)). The T-oG and 
Z-hG exhibited a better durability than Pt/C, retaining 81.7% and 83.6% of their original 
catalytic activity after ~12 h of operation (Pt/C: 76.5%). In a separate characterization in 
1 mM H2O2-containing KOH, it was found that T-oG and Z-hG showed a significant 
activity toward peroxide reduction (Figure 4.16), suggesting the possibility that the ORR 
activity was partially contributed by the associative ORR pathway. GO variants or P25 
NPs alone exhibited little activity for peroxide reduction.  
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Figure 4.8: LSV curves of (a) TiO2/graphene and (d) ZrO2/graphene variants obtained at a rotating rate of 
1,600 rpm in O2-saturated 0.1 M KOH solution. RDE LSV curves of (b) T-oG and (e) Z-hG in O2-saturated 
0.1 M KOH at a sweep rate of 5 mV s–1. Inset: the corresponding Koutechy-Levich plot at various disk 
potentials. Mass-transport corrected Tafel plots of (c) TiO2/graphene and (f) ZrO2/graphene variants 
derived from the LSV curves at 1,600 rpm. All voltammograms presented are IR-compensated. 
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Figure 4.9: Rotating disk voltammograms of G, 
hG and oG in O2-saturated 0.1 M KOH at a 
rotating speed of 1600 rpm and a sweep rate of 5 
mV s-1. Note that all the samples include black 
carbon additives for electrical conductivity. 

Figure: 4.10 Rotating disk voltammograms of T-
oG, Z-hG in O2-saturated 0.5 M H2SO4 at a 
rotating speed of 1600 rpm and a sweep rate of 5 
mV s-1. The onset potentials of T-oG and Z-hG are 
0.77 V and 0.85 V versus RHE, respectively. 

 
 
 

 

Figure 4.11: Rotating disk voltammograms of (a) T-G, (b) T-hG, (c) T-oG and (d) Pt/C in O2-saturated 0.1 
M KOH at a sweep rate of 5 mV s-1. The inset shows the corresponding Koutechy-Levich plots at different 
disk potentials. 
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Figure 4.12: Rotating disk voltammograms of (a) Z-G, (b) Z-hG, (c) Z-oG and (d) Pt/C in O2-saturated 0.1 
M KOH at a sweep rate of 5 mV s-1. The inset shows the corresponding Koutechy-Levich plots at different 
disk potentials. 

 
 

 
Figure 4.13: CV sweeps of (a) TiO2/graphene and (b) ZrO2/graphene hybrids at a scan rate of 50 mV cm-1 
in N2 (dotted) and O2-saturated (solid) 0.1 M KOH solution. 
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Figure 4.14: The electron transfer number n (upper) and peroxide generation in percentage (lower) of (a) 
TiO2/graphene and (b) ZrO2/graphene variants deduced from the RRDE data. (c) Relative ORR current normalized 
by the initial current; based upon chronoamperometric voltammograms of T-oG, Z-hG and Pt/C at 0.4 V vs RHE at 
1,600 rpm over ~12 h in O2-saturated 0.1 M. KOH. 

 

Figure 4.15: RRDE voltammograms of (a) TiO2/graphene. (b) ZrO2/graphene hybrids obtained in O2-
saturated 0.1 M KOH at 1600 rpm. Ring current (upper graph) and disk current (lower graph) are shown 
in dotted and solid lines, respectively. The disk potential was scanned at 5 mV s–1 while the ring potential 
was fixed at 1.3 V vs RHE. Presented after IR-compensation. 
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Table 4.2: A summary of ORR performance quantified in O2-saturated 0.1 M KOH at a rotating 
rate of 1600 rpm. The RRDE for electron transfer number was performed at 1400 rpm. 

 
 T-G T-G T-hG Z-oG T-oG Z-hG Pt/C 

Onset potential† 
(V vs. RHE) 

 
0.75 0.84 0.84 0.80 0.92 0.90 0.92 

Half-wave potential 
(V vs. RHE) 0.61 0.66 0.62 0.66 0.79 0.76 0.80 

Tafel slope 
(mV/decade) 225 235 108 98 87 75 76 

Current density  
at 0.2V‡ (mA/cm2) 1.78 1.78 3.20 4.40 5.44 5.39 5.54 

Mass 
activity§ 
(A/g)_  _ 

@ 0.90 
V 0.05 0.05 0.07 0.08 1.96 4.13 2.44 

(12.2) 
@ 0.85 

V 0.22 0.22 0.18 0.61 9.78 34.35 11.3 
(56.5) 

@ 0.80 
V 0.70 0.70 0.51 4.16 46.5 210.4 47.0 

(235.3) 
Electron transfer 

number* 3.21 3.09 3.51 3.12 3.96 3.94 3.94 

† Chosen to be the potential reaching 0.1 mA/cm2. 
‡ IR-compensated current densities quantified at 0.2 V vs. RHE. 
§ Kinetic current per TiO2/graphene, ZrO2/graphene or Pt/C mass (excluding additives such 
as Nafion and additional carbon black); 123.2 µg/cm2 for all samples. The values in the 
parenthesis is based upon the mass of Pt only (24.6 µg/cm2). 
* Averaged values within the potential window of 0.35 – 0.75 V vs. RHE. Quantified based 
upon the RRDE data. 

 
 

Figure 4.16: Rotating disk voltammograms of (a) G, hG, oG and P25 and (b) T-oG and Z-hG in 
1mM H2O2-containing Ar-saturated 0.1 M KOH at a sweep at of 5 mV s-1. Only T-oG and Z-hG in 
1mM 
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In addition, a durability of T-oG and Z-hG was compared to that of Pt/C in O2-
saturated 0.1 M KOH via a chronoamperometric measurement at 0.4 V (Figure 4.14(c)). 
The T-oG and Z-hG exhibited a better durability than Pt/C, retaining 81.7% and 83.6% of 
their original catalytic activity after ~12 h of operation (Pt/C: 76.5%). In a separate 
characterization in 1 mM H2O2-containing KOH, it was found that T-oG and Z-hG 
showed a significant activity toward peroxide reduction (Figure 4.16), suggesting the 
possibility that the ORR activity was partially contributed by the associative ORR 
pathway. GO variants or P25 NPs alone exhibited little activity for peroxide reduction.  

4.3.4 DFT Computational Results  
DFT calculations were performed as described in Method section. The interfaces 

to be explained hereafter are meant the “plane-bonded” interfaces, because the ORR was 
inactive in the “edge-bonded” interfaces. The calculated Ef of each TiO2/graphene 
interface was -1.29, -3.16, and -1.22 eV for TEG, THG, and TCG, respectively, 
indicating that all three functional groups create a stable bond between TiO2 and 
graphene basal plane (illustration in Figure 4.17). The gap between TiO2 and graphene 
was observed to be 3.5 – 4.6 Å depending on the functional groups, which will provide 

acceptable space for the diffusion of oxygen molecules along the interface. The stable 
structures of ORR intermediates were also obtained. It was observed that all three 
functional  

 

Figure 4.17: The structures of functionalized graphenes with (a) epoxy group, (b) hydroxyl group, and (c) 
carboxyl group on their basal planes. Their interface with {001}-TiO2 through (d) epoxy, (e) hydroxyl, and 
(f) carboxyl group. Each color represents an element; Blue: Ti, Red: O, Brown: C, Grey: H. 

 

d e f

a b c



 

 

 

84 

 
 

Figure 4.18: The ORR process in the (a) TCG and (b) TEG interface. Double arrows correspond to the 
dissociation of oxygen molecules. Continuous and dashed lines represent the 4-electron and 2-electron 
transfer pathways, respectively. Note that the bonds between functional groups and graphene were omitted 
intentionally for better visibility (refer to Supplemental Information for the illustration of the bonds). The 
circular Inset figure shows a zoom-in illustration of the first-step of the 2-electron transfer – one H2O 
molecule disproportionate to one H atom, which forms a bond to a dissociated O and one OH. In the 4-
electron transfer pathway, the formed OH (enclosed by the dashed oval) is detached from the functional 
group producing another OH- in the solution. Credit: Dr. Eunseok Lee at the University of Alabama, 
Huntsville. 

 
groups break the bonds to the graphene basal plane (while keeping the bonds to TiO2) 
during the dissociation of oxygen molecule and form a new bond with the dissociated 
oxygen atom. Note that such bond-breakings occur as a result of the dissociation, and the 
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electron transfer from graphene will occur before the bonds are broken. Due to an 
activation energy barrier of 0.4 – 0.8 eV for the bond-breaking, only a portion of 
functional groups will participate in the ORR while the others retain the bond with the 
graphene. The structural change and !Ef during the ORR for TiO2/graphene interfaces are 
presented in Figure 3.18. A comparison of !Ef indicates that TCG prefers the 4-electron 
transfer pathway while TEG favors the 2-electron transfer pathway, in an excellent 
accordance with the experimental observations, in which the T-oG exhibited an electron 
transfer number very close to 4 unlike T-G. In both TEG and TCG, two oxygen atoms 
dissociated from a molecular O2 preferred to exist close to each other making bonds to a 
single functional group. In THG, on the other hand, such a configuration was slightly 
unfavorable (!Ef = 0.13 eV), and one O* atom tends to make a bond to a hydroxyl group 
while the other was likely bound to a Ti. In this case, the formation of peroxide ion 
(OOH-) is impeded, leaving the 4-electron transfer  

the only viable pathway. This explains the experimental observation that the T-hG 
showed an electron transfer number higher than that of the T-G. 

A similar DFT study for ZrO2/graphene interfaces was also performed. The 
calculated Ef was -2.44, -1.77, and -0.46 eV for ZEG, ZHG, and ZCG, respectively, 
indicating that all three functional groups also create a stable bond between ZrO2 and 
graphene basal plane. The !Ef after  
the association of one water molecule was -1.84 eV for ZEG, -1.58 eV for ZHG, -2.05 eV 
for ZCG, respectively, via 4-electron transfer pathway, while it was -0.32 eV for ZEG, -
1.31 eV for ZHG, -2.64 eV for ZCG, respectively, via 2-electron transfer pathway. 

 

Figure 4.19: Illustration of (a) TCG, (b) TEG, (c) ZCG, and (d) ZEG after one O2 molecule is dissociated 
and one water molecule is associated subsequently. The blue, grey, black, white, and red spheres 
correspond to Ti, Zr, C, H, and O. The yellow highlighted spheres indicate the dissociated oxygen (O*). 
For better visibility, only the bottom layer of slab structures, functional groups, O*s, and protons are 
displayed. Note that the structures in (a) and (b) are also shown in Figure 3.18. Credit: Dr. Eunseok Lee at 
the University of Alabama, Huntsville. 
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Interestingly, this result indicates ZEG and ZHG prefer 4-electron transfer to 2-electron 
transfer while ZCG prefers 2-electron transfer to 4-electron transfer, which is the 
opposite to the tendency for TiO2/graphene interfaces as well as agrees with the 
experimental result. We speculate that such a different preference on the electron transfer 
pathway originates from the structural difference between {001}-TiO2 and {111}-ZrO2 
and the corresponding difference on the preferred sites for O* attachment. Figure 4.18 
compares the structures of intermediate states after the first step of the association via 2-
electron transfer pathway between TCG, TEG, ZCG, and ZEG – for better visibility only 
the bottom layer of slab structures, functional groups, O*s, and protons are displayed. It is 
seen that two O*s attach to one Ti and the carbon of carboxyl group, respectively, in TCG 
and one Ti and one oxygen, respectively, in TEG, while both O*s attach to Zr in ZCG and 
ZEG. This result is in line with the fact that Zr allows higher coordination number than 
Ti. The coordination number of metal center was 5 and 6 for Ti and Zr, respectively 
without a functional group attachment, and it increased to 6 and 7 with the functional 
groups attached. In TCG, the formation of O*O*H- is suppressed due to the long distance 
between two O*s and hence the state becomes more favorable when the O*H is detached 
from the interface, while a stable O*O*H- forms in ZCG. On the other hand, in TEG, two 
O*s are located in close vicinity of each other forming a stable O*O*H- while two O*s in 
ZEG are far apart suppressing the formation of a stable O*O*H-. This difference in the 
formability of a stable O*O*H- can explain the preference to 4-electron transfer pathway 
in TCG and ZEG, and 2-electron transfer pathway in TEG and ZCG.  

 
4.4 Conclusion 

We demonstrated the critical impact of a proper priori graphene functionalization 
on the ORR performance of resulting TMO/graphene hybrid catalysts. Acid treatment 
was performed on GOs to induce more hydroxyl or carboxyl groups before anchoring 
TMO NPs (either TiO2 or ZrO2) by a hydrothermal reaction. First, among 
TiO2(P25)/graphene hybrids, the T-oG (P25 NPs anchored on carboxylated graphene) 
showed the best ORR performance, close to that of Pt/C of an equal mass loading, in 
terms of onset potential, half-wave potential and Tafel slope with a 4-electron transfer 
dominated process. A similar observation was made for ZrO2/graphene hybrids except for 
the fact that the Z-hG (ZrO2 NPs anchored on hydroxylated graphene, not carboxylated 
graphene) exhibited the best performance, again very closed to that of Pt/C, with a 4-
electron transfer process. All the other hybrid catalysts performed much worse than these 
two hybrids (T-oG and Z-hG) and their electron transfer numbers were significantly 
lower than 4, spanned between ~3.1 and ~3.5. As the size, phase and stoichiometry of 
NPs themselves were not different appreciably among hybrid catalyst variants, the 
significant differences in the ORR activity and charge transfer route are believed 
originated from the interface of NP/graphene, not from the NPs per se. 

The excellent ORR performance of T-oG and Z-hG are surprising in that both 
TiO2 and ZrO2 have been considered to be relatively inert against ORR catalysis. While 
stoichiometric TiO2 and ZrO2 have an insulating nature with wide bandgaps (~3 – 5 
eV),28,29 they exhibit n-type semiconducting properties with anionic vacancies.28,30 
Probable presence of localized oxygen defects at their interface with graphene may have 
lowered/narrowed the electrical energy barrier and/or generated intermediate energy 
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levels, facilitating electronic tunneling or hopping through the interface.31 The possible 
introduction of ionic defects and associated changes in valence states at the interface 
would not likely have been detected by the aforementioned XPS analysis because the 
interfaces are supposed to be hidden below TMO NPs.  

From a series of characterization, it was found that P25 NPs tend to be anchored 
on graphene surfaces mostly through carboxyl groups while ZrO2 NPs were bound 
through hydroxyl groups. A stable anchoring of NPs on graphene surface is conjectured 
to have prevented the restacking of graphene layers, providing more active sites 
(NP/graphene interface) available for reactant access. In addition, DFT calculations 
showed that oxygen dissociation is much less active at the interface of TMO NPs with 
graphene edges than the interface with basal planes of graphene. Electrochemical 
analyses are well aligned with the reasoning/information since the high performance 
hybrids (T-oG and Z-hG), unlike the other hybrids, are expected to provide a fluent 
reactant access to the highly active interfaces on the basal planes. 

A series of DFT calculations is also supportive of the electrochemical results in 
that TiO2 NPs anchored on carboxylated graphene and ZrO2 NPs tethered on 
hydroxylated graphene surface favor the 4-electron transfer ORR pathway unlike other 
TMO/graphene catalysts. Such a different preference on the electron transfer pathway is 
ascribed to the structural difference of NPs interfacing with the graphene and functional 
groups, and the corresponding preferred sites for the oxygen dissociation. 
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Chapter 5: Highly Active Bifunctional Oxygen Electrocatalytic 
Sites Realized in Ceria Functionalized Graphene 
 
5.1 Introduction 

The widely accepted benchmark catalysts use noble metals: Pt for ORR and IrO2 
or RuO2 for OER as mentioned in previous chapters. Since these materials are good 
catalysts for one reaction, not for both, they are not suitable for metal-air batteries1,2 or 
unitized regenerative fuel cells (URFCs)3 that require efficiency for both ORR and OER 
in each given device. Furthermore, their limited availability, high cost, and poor 
operational stability prohibits them from widespread commercial applications.4,5 
Generally, materials and configurations tuned for ORR, are not optimal for OER. Thus, 
the development of high-performance bifunctional oxygen electrocatalysts remains an 
ongoing challenge in the community.2 

Metal oxides (MOs) including Co3O4,6–8 Mn3O4,9–11, Fe3O412,13 and their 
hydroxide analogs such as FeNiOOH14,15 have been widely considered as an alternative 
to the noble metal-based oxygen electrocatalysts owing to their high catalytic activity, 
good stability, earth-abundance, and low cost.16,17 To supplement for their low electronic 
conductivity, MO nanoclusters (NCs) are often anchored onto a conductive substrate, 
most notably, carbon nanostructures such as graphene, carbon nanotube and porous 3D 
carbon.16 By incorporating a conductive substrate, one can leverage their high surface 
area while suppressing the agglomeration of MO by strongly anchoring them to the 
carbon nanostructure. These hybrid MO/carbon materials demonstrate a synergistic effect 
that achieves an unexpectedly high catalytic activity,18–21 however,  the exact mechanism 
for this enhancement remains largely unknown.19–21 Wu and colleagues studied the 
origins of ORR synergy between Mn3O4 and graphene oxide (GO) nanoribbons and 
concluded that >C−O−Mn3+ junction at the interface played a significant role in lowering 
the activation barrier against the initial O2/HO2− reduction and facilitating peroxide 
reduction.22 Leng et al. revealed that the Co-O-C bond in Co3O4/graphene plays a critical 
role in OER activity by promoting surface charge transfer and assisting in the 
deprotonation of hydroxides on the catalyst surface.8  

We demonstrated that chemical coupling between graphene and MO nanoclusters 
improves ORR kinetics.23 Specifically, ZrO2/hydroxylated graphene and 
TiO2/carboxylated graphene showed excellent ORR performance in alkaline media, 
similar to that of Pt/C as seen in Chapter 4. The performance was surprising as both TiO2 
and ZrO2 are inert for ORR. Interestingly, all other combinations of MO/graphene results 
in significantly lower performance compared to the two hybrid catalysts. The high 
performance was attributed to a stable anchoring of nanoparticles that was established 
through a specific type of oxygen-containing functional groups on graphene, thereby 
maximizing reactant access (by preventing graphene restacking).23 In addition, the type 
of bonding affected the preferred sites for oxygen dissociation, which consequently 
determines the electron transfer pathway. 

Inspired by our previous results, we focused on ceria (CeO2) as the metal oxide to 
be composited with reduced graphene oxide for oxygen electrocatalysts. The facile 
transitions between Ce3+ and Ce4+ provide surface redox capability, reversible oxygen 
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exchange, and high oxygen storage capacity, all of which are expected to enhance 
catalytic activity.24,25 While the use of CeO2 as an oxygen electrocatalysis is much less 
common than other transition MOs, it was recently employed as the ORR/OER catalyst 
in combination with hydroxides26,27 and carbon28–30, or as a support of noble metal 
catalyst to extend oxygen storage capacity.31–33  

In this work, we demonstrate that an appropriate functionalization of GO prior to 
anchoring CeO2 NCs results in hybrid CeO2/graphene catalysts with significantly 
improved ORR and OER performance, comparable to or even better than that of noble 
metal-based benchmark catalysts. Most notably, this enhancement is observed not only in 
alkaline solutions but also in acidic media. A mechanistic interpretation of this surprising 
performance is also presented through a combination of experimental analyses and 
density functional theory (DFT) calculations. We identify a common structural motif of 
the activated graphene responsible for bifunctional activity. While it is widely known that 
most non-noble metal oxide catalysts degrade rapidly in acidic conditions,17 we 
additionally demonstrate that CeO2/graphene-based catalyst can operate in an acidic 
environment with excellent stability if mixed with nitric and sulfuric acid-treated 
activated carbon (AC).  
 

5.2 Methods 

5.2.1 Preparation of hybrid catalysts  
Hybrid catalysts made of CeO2 NCs and functionalized graphene oxide (fGO) 

were synthesized through a hydrothermal reaction process at 180°C. Three different kinds 
of fGOs were prepared before the hydrothermal reaction: as-synthesized GO (eG; 
graphene functionalized mostly with epoxy group), hydroxylated GO (hG) and 
carboxylated GO (cG). For hG sample, 30 mg of GO, 3 ml of ethanol, and 27 ml of DI 
water were ultrasonicated for 0.5 h. Then, 2 ml of hydrobromic acid was added and 
stirred for 14 h. The resulting solution was filtered/washed with 200 ml of DI water and 
allowed to dry under a house vacuum. For a cG sample, an additional 600 mg of oxalic 
acid was added and stirred for 5 h after mixing HBr for 14 h. These acid treatments to 
generate hG and cG were intended to further create hydroxyl and carboxyl groups, 
respectively in GO.34 After these acid treatments, the GO solution was filtered, washed 
with DI water and dried. The resulting 100 mg of dry GO was added to a solution made 
of 0.1 M of cerium (III) nitrate hexahydrate that was created three days prior in DI water 
(100 ml). This was then heated at 80 ºC for 3 h and allowed to cool at room temperature, 
during which DI water (~15 ml) was added to maintain the same level of water before 
heating. The suspension was stirred for 2 h and placed in a 90 ml Teflon-sealed dry-oven 
for a hydrothermal reaction. The reaction was performed at 180°C for 18 h and the 
resulting CeO2-fGO hybrid materials starting with eG, hG and cG were named C-eG, C-
hG and C-cG. A hybrid of C-hG and AC was synthesized by mixing 3.75 mg of activated 
carbon, 2 ml of a 1:1 ratio of 0.1 M HNO3 and 0.1 M H2SO4, and 10 ml of ethanol with 
15 mg of C-hG. This slurry was stirred for 4 h at 80 °C and dried under house vacuum. 

5.2.2 Material Characterization  
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Transmission electron microscopy (TEM) and scanning transmission electron 
microscopy (STEM) images were recorded on a 200 kV FEI monochromated F20 UT 
Tecnai system. The STEM image was acquired with a convergence angle of 10 mrad and 
a detection angle of 30 mrad. Energy filtered transmission electron microscopy (EFTEM) 
in association with STEM was used to visualize elemental distribution. Sample 
preparation for TEM samples included drop-casting sonicated ethanol-suspended catalyst 
upon a 3 mm Lacey B Carbon 400 mesh grid from Ted Pella, followed by ambient 
drying. X-ray photoelectron spectroscopy (XPS) was performed on a PHI Quantum 2000 
system using a focused, monochromatic Al Kα X-ray (1486.6 eV) source for excitation 
and a spherical section analyzer (200 µm diameter X-ray beam incident to the surface 
normal; detector set at 45°). The collected data were referenced to an energy scale with 
binding energies for Cu 2p3/2 at 932.7 ± 0.1 eV and Au 4f7/2 at 84.0 ± 0.1 eV. For XPS, 
catalysts were dispersed in ethanol and drop-cast onto a cleaned Si wafer. X-ray 
diffraction (XRD) pattern was recorded by a PANalytical X’Pert PRO with Co Kα 
radiation (λ = 1.78897 Å) at a step size of 0.02º and scanning rate of 0.04º s-1. Sample 
preparation for XRD included 10 mg of catalyst sonicated with 5 ml in ethanol and then 
drop-casted upon an aluminum disk to dry in ambient conditions. Fourier transform 
infrared spectroscopy (FT-IR) samples were dried under vacuum for 36 h and placed on a 
diamond crystal. A silicon wafer was placed on top of the sample before spectra was 
recorded (Nicolet 380 system, Thermo Scientific). NMR characterization was employed 
to quantify the amount of each functional group. Breifly, 10 µL of 0.081 mmol of eG, hG 
and cG is dissolved in 0.4 ml of acetone-d6. After dissolution, transfer mixture into NMR 
tube that can withstand 500MHz for 19F NMR was made. Then an additional 10 µL 
a,a,a-trifluorotoluene and 20 µL 4-flourophenyl isocyanate were added. The reaction 
mixture was left for 15 min at room temperature in the NMR tube to react completely. 
Once NMR tubes have been made, an additional acetone-d6 is added to make all the 
samples of the same volume/height. Then the 19F NMR was recorded using 500 MHZ. 
Peaks at ~ -60, -116, -120, and -121 ppm were integrated. -60 was the internal standard.  

5.2.3 Electrochemical Characterization  
The ORR activity of the catalysts was evaluated using similar techniques as 

shown in Chapter 4. 

5.2.4 Modeling and Computation  
The ORR and OER activities are computed using the thermodynamic limiting 

potential framework using density functional theory (DFT). For all systems, we have 
employed PBE-DFT35 functional PAW potentials, 500 eV plane-wave cutoff, using the 
Vienna Ab initio Simulation Package36–38 (VASP, version 5.4.4) and 5.3 eV Hubbard-U 
correction applied to f-electrons of Ce-atoms as described previously.39–41 Our simulation 
cells for ceria surfaces were contained a minimum of 3 layers with a 2´2 periodicity. The 
two topmost layers were always allowed to relax until the forces were lower than 
0.02 eV A−1 using a 5´5´1 k-point mesh. Equivalent precision was also used for 
graphene unit cells.  

The theoretical limiting potentials for ORR and OER were calculated directly 
from free energies of OH*, O* and OOH* intermediates assuming the most common 4-
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electron associative single-site mechanism.42,43 Details of this approach are presented in 
our recent ORR and OER reviews.43,44 Less common dissociative ORR mechanism, 42,45 
which bypasses OOH* step but also requires low barrier for binuclear bond breaking,46 
was not considered in this screening study. Using standard conditions (T = 298.15 K, p = 
1 bar, pH = 0), it requires 1.23 eV for each elementary step, and 4.92 eV in total for an 
ideal catalyst to perform ORR. For ORR, the elementary reactions are:  

 O! +	∗ +(H" + e#) ⟶ OOH∗ (
1 

 OOH∗ + (H" + e#) ⟶ 	H!O +	O∗ (
2 

 O∗ + (H" + e#) ⟶ OH∗ (
3 

 OH∗ + (H" + e#) ⟶ H!O +	∗ (
4 

and the theoretical ORR limiting potentials and overpotentials are defined based 
upon the free energies of Equations 1-4 as:  

 U%,'(([V] = /01[∆G), ∆G!, ∆G*, ∆G+	] /e 5 
 η'(([V] = /01[∆G), ∆G!, ∆G*, ∆G+	] /e	

+ 1.23	V 
6 

For OER, the equivalent elementary equations for the 4e- OOH-based 
mechanism47–49 can be written as the reverse of Equations (1-4), and the theoretical OER 
limiting potentials and overpotentials are again defined simply as: 

 U%,',([V] = /01[−∆G+, −∆G*, −∆G!, −∆G)	] /e 7 
 η',([V] = /01[−∆G+, −∆G*, −∆G!, −∆G)	] /e	

− 1.23	V 
8 

The Gibbs free reaction energies are calculated as ∆<- = ∆=- + ∆>?=- − @∆A- . 
The differences between zero-point energy, ∆>?=-  and entropy, @∆A-  is calculated 
through vibrational frequencies of adsorbates on the surface, and the adsorption energies 
∆=- are calculated relative to H2O(g) and H2(g) references as: 

 ∆E'. = E(OH∗) − E(∗) − [E(H!O) −
1
2E(H!)] 

9 

 ∆E' = E(O∗) − E(∗) − [E(H!O) − E(H!)] 10 
 ∆E' = E(O∗) − E(∗) − [E(H!O) − E(H!)] 11 
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Figure 5.1: (a) Calculated surface Pourbaix diagram for the activated C-hG system. Four most stable 
coverages of OH/O on graphene (8x2) supported on CeO2 (100) surface (6x1) were considered. For the 
main ORR and OER results shown in Figures 5.5 and 5.6 only the C-hG (clean) and C-hG (6/32 ML O*) 
were used. (b) Bulk Pourbaix diagram constructed from experimental free energies of Ce-H2O system at 
10-6 molal concentration of Ce and standard conditions. The experimental free energies are taken from 
Barin Thermochemical Tables 50. 

 

Whenever applicable, the coverage of the surfaces under applied voltage is 
incorporated by the calculation of the surface Pourbaix plots (Figure 5.1). The calculated 
energies involving adsorption on graphene or GO have been corrected by solvation 
corrections calculated with explicit water (Figure 5.2). Finally, all calculated ∆=-  are 
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released as part of the Catalysis-hub.org repository51 at https://www.catalysis-
hub.org/publications/GrewalHighly2019. 

 

Figure 5.2: Solvation corrections obtained using global optimization of two layers of hexagonal H2O taken 
from Pt(111) and graphene solvation studies 52,53 on top of C-hG-model. The simplified C-hG-model was 
used for computational efficiency. The calculated solvation corrections for this model relative to non-
solvated structures for b) OH*, c) O* and d) OOH* adsorbates are -0.116 eV, -0.083 eV and -0.327 eV, 
respectively.   

 

5.3 Results and Discussion 

5.3.1 Physical characterization of CeO2-fGO variants  
Three different kinds of GOs (eG, hG and cG) were prepared before anchoring 

CeO2 NCs onto them. The basal planes of chemically exfoliated graphene oxides (named 
as eG in this report) are decorated with mostly epoxy groups (–O–).54,55 hG was prepared 
by treating eG with hydrobromic acid to convert the epoxy groups into hydroxyl groups, 
and cG was prepared by further adding oxalic acid, which converted hydroxyl groups into 
carboxyl groups.23,56 A quantification by the titration method57,58 indicates that hG has the 
largest amount of hydroxyl group, and eG and cG have the highest content of epoxy and 
carboxyl groups, respectively (Table 5.1).  
Table 5.1: Molar percentages of epoxy, hydroxyl and carboxyl groups in each GO variant quantified by 
the nitration method. 

Groups eG hG cG 
Epoxy 6.25 4.71 4.91 
Hydroxyl 4.72 8.81 4.43 
Carboxyl 4.52 4.42 9.17 

  
 

Additionally, a nuclear magnetic resonance (NMR)59 characterization was 
performed on eG having negligible OH content (0.001 mmol/g) while hG and cG having 
larger (0.853 and 0.875 mmol/g, respectively) OH content (Figure 5.2). Percentages of 
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hydroxyls for both non- and incorporated of cerium oxide are seen Table 5.1 and Table 
5.2. The high OH content of cG is reasonable considering that each carboxyl group has a 
hydroxyl group in it. The FT-IR peak intensity of R-OH and R=O of CeO2-fGO hybrid 
samples (Figure 5.4a) are significantly lower than those without CeO2 incorporation (FT-
IR on fGOs in Ref. 23), suggesting the graphene sheets were highly reduced by losing 
most of their oxygen-containing functional groups during the hydrothermal reaction. It is 
also noted C-hG showed distinct Ce-O bond stretching (~1300 cm-1; indicative of CeO2 
incorporation on graphene60) unlike the other two hybrids. 

 

 

Figure 5.2: NMR spectra of C-hG and C-eG. C-hG was additionally characterized after an ORR scan 
and an OER scan in 0.1 M KOH solution for comparison. The quantified values are tabulated in Table 
5.3. 

 

 
Table 5.2: Content of hydroxyl group in each GO variant obtained based upon the NMR spectra. The OH 
content is in mmol per gram of each GO variant. 

Samples OH content (mmol/g) 
eG 0.001 
hG 0.853 
cG 0.875 (in carboxyl group) 

 
Table 5.3: Content of hydroxyl group in each CeO2-GO variant obtained based upon the NMR spectra. 

Samples OH content (mmol/g) 
C-hG, as-prepared 0.902 
C-hG, after ORR 0.869 
C-hG, after OER 0.883 
C-eG, as-prepared 0.009 

 

 

The X-ray diffraction (XRD) spectra in Figure 5.4b show peaks characteristic to 
CeO2 in a cubic structure including the (111) fringe at 33.5°. An important observation is 
that C-eG and C-cG show a distinct carbon (002) peak at 26.5º while the peak is absent 
from C-hG. Since its appearance is ascribed to graphene sheet restacking, the absence of 
(002) peak from C-hG suggests that the binding of CeO2 particles on the basal plane of 
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graphene is likely strong enough to deter the restacking of graphene flakes, which makes 
it advantageous to widen the accessible catalytic sites. The conjecture is in agreement 
with the electrochemically active surface areas (ECSA) that were separately quantified.  

 

 
Figure 5.3: Cyclic Voltammetry with various scan rates for the ECSA quantification (a) Ni foam, (b) C-eG, 
(c) C-hG and (d) C-cG in 0.1 M KOH (e) Plot of difference of anodic and cathodic current density as a 
function of scan rate for C-G, C-hG, C-oG, and Glassy carbon (GC) in 0.1 M KOH. For visual clarity, CV 
curves obtained at only 5 selected scan rates (12, 20, 28, 36 and 44 mV s-1) are provided. 
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The measured ECSA values of C-eG, C-hG, C-cG and bare Ni foam were 9.4, 
19.5, 10.3 and 4.5 cm2 as calculated from Figure 5.3e, confirming that C-hG exhibits the 
largest surface area.  

 

 

Figure 5.4: (a) FT-IR and (b) XRD spectra of C-eG, C-hG and C-cG. Co Kα radiation (λ = 1.78897 Å) was 
used for XRD. Both C-eG and C-cG show the (200) diffraction of graphene sheet restacking at 26.5°, 
which is missing from C-hG. (c) XPS Ce 3d and (d) O 1s spectra of CeO2-fGO hybrid catalysts. 

 

Figure 5.4c-d show x-ray photoelectron spectroscopy (XPS) spectra of the 
samples. The survey spectra (Figure 5.5) shows O 1s, C 1s, and Ce 3d peaks. The Ce 3d 
level (Figure 5.4c) has two series of peaks, v and u, corresponding to the 3d5/2 and 3d3/2 
spin-orbit pair, respectively.  
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Figure 5.5: Wide survey scan XPS spectra of GO-CeO2 hybrid catalysts. Si peaks are detected from the 
substrate on which the hybrid catalysts were placed. 

 

The doublet (v¢, u¢) corresponds to Ce3+ and all the other peaks are assigned to 
Ce4+.29,61,62 By applying Maslakov et al.’s approach,62 the molar ratios of Ce3+ with 
respect to the sum of Ce3+ and Ce4+ in C-eG, C-hG and C-cG were quantified to be 
13.8%, 29.8% and 23.3%, respectively (Table 5.4). Quantification from Figure 5.4c of O 
1s molar ratio for cerium based samples were done as well as seen in Table 5.5. 

 
Table 5.4. XPS Ce 3d peak analysis. I values and calculated mole fraction of Ce3+ and Ce4+. 

Peaks C-G C-hG C-oG 
! 8671.5 2733.9 4182.7 
!′ 3728.5 5145.7 4480.6 
!′′ 6808.5 2340.3 3937.0 
!′′′ 8260.5 4276.8 4262.5 
# 5022.3 4829.9 4404.7 
#′ 1784.0 2071.5 2981.1 
#′′ 6965.6 3042.7 3840.9 
#′′′ 5251.7 4708.4 4400.7 

$(&'!") 13.8% 29.8% 23.3% 
$(&'#") 86.2% 70.2% 76.7% 

 

 
Table 5.5 XPS O 1s peak analysis. I values and calculated fraction of O-Ce3+ and O-Ce4+. 

Peaks C-G C-hG C-oG 
O-Ce4+ 3277.1 343.8 517.6 
O-Ce3+ 570.9 1624.8 2185.0 
Adsorbed O2 182.0 6602.7 6361.4 
f(O-Ce3+) 14.8% 82.5% 80.8% 
f(O-Ce4+) 85.2% 17.5% 19.2% 
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The oxidation states of Ce can be alternatively quantified from O 1s core level 
spectra (Figure 5.4d). Three peaks were considered for deconvolution: 529.4 eV for O-
Ce4+, 531.5 eV for O-Ce3+ and 532.4 eV for adsorbed oxygen molecules or hydroxyl 
species.29,61,63 C-eG has mostly O-Ce4+ (85.2%) with a small presence of O-Ce3+ whereas 
C-hG and C-cG have a much larger amount of O-Ce3+ bonding (C-hG: 82.5% and C-cG: 
80.8%) than O-Ce4+. This trend is overall aligned with the result from Ce 3d peaks in that 
C-hG and C-cG have much higher Ce3+ species than C-eG. On the other hand, the atomic 
ratio of Ce per C is quantified to be 29.8%, 10.3% and 11.3% for C-eG, C-hG and C-cG, 
respectively. The unexpectedly high concentration of Ce in C-eG is ascribed to a 
formation of ceria NP clusters without necessarily interfacing with each graphene flake 
leading to an unclear correlation between Ce content and ECSA. 

High resolution transmission electron microscopy (HRTEM) images of the three 
CeO2-fGO variants (Figure 5.6a-c) show that CeO2 NCs of 2 – 4 nm in size are densely 
populated on graphene. CeO2 NCs are nanocrystalline in the cubic phase. In particular, 
cubic (111) planes with the d-spacing of 3.1 Å are mostly visible with a relatively smaller 
number of (220) planes (d-spacing: 1.9 Å) in agreement with the XRD spectra presented 
in Figure 5.4b. A zoomed-out TEM image (Figure 5.6d) and its corresponding energy-
filtered transmission electron microscopy (EFTEM) elemental maps (Figure 5.6e-g) on 
C-hG confirm that CeO2 NCs are uniformly and densely anchored on graphene. 

 

Figure 5.6: (a-c) HRTEM images of (a) C-eG, (b) C-hG, and (c) C-cG, revealing lattice fringes of cubic 
(111) and (220) planes in the majority of imaged CeO2 nanoclusters. (d) A zoomed-out TEM image of C-
hG and (e-g) their corresponding EFTEM elemental map of Ce, O and C, respectively. 
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Figure 5.7: ORR voltammograms and processed data obtained in O2-satured (a-c) 0.1 M KOH and (d-f) 0.5 
M H2SO4. (a,d) LSV curves for ORR, (b,e) LSV curves for OER, (c,f) ORR/OER Tafel slopes and ORR 
electron transfer numbers (n). The electron numbers were obtained from RRDE measurements. All 
voltammograms were obtained at 1600 rpm. 

 

5.3.2 Electrochemical properties of CeO2-fGO variants  
The ORR performance of CeO2-fGO hybrids was characterized in both alkaline 

(0.1 M KOH) and acidic (0.5 M H2SO4) media. All samples (including 20 wt.% Pt/C) 
used a solid loading of 0.18 mg cm–2. In 0.1 M KOH, C-hG shows the best performance 
among the CeO2-fGO variants for both ORR and OER (Figure 5.7a-c). The 
corresponding RRDE and Tafel plots voltammograms are provided in the Figure 5.8 and 
Figure 5.9, respectively.  
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Figure 5.8: RRDE ring current (upper-dotted line) and disk current (lower-solid line) obtained at a disk 
sweep rate of 5 mV s-1 while the ring potential was fixed at 1.3 V (1600 rpm). Obtained in O2-satured (a) 
0.1 M KOH and (b) 0.5 M H2SO4. (c,d) The peroxide yield and electron transfer number obtained based 
upon the RRDE voltammograms. 
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Figure 5.9: Tafel plots and Tafel slopes for ORR (a,c) and OER (b,d) measured in 0.1 M KOH (a,b) and 0.5 
M H2SO4. 

 

The ORR onset and half-wave potentials of C-hG (0.90 V and 0.79 V versus 
reversible hydrogen electrode, RHE; all potentials are versus RHE hereafter) are similar 
to those of Pt/C (0.92 V and 0.81 V), and the Tafel slope of C-hG (58 mV dec–1) is even 
smaller than that of Pt/C (78 mV dec–1). C-hG also exhibited higher current densities than 
Pt/C in the mass transport-limited region (5.78 versus 5.40 mA cm–2 at 0.3 V). Compared 
to the hydroxylated version, C-eG and C-cG show worse ORR performance (much lower 
onset and half-wave potentials). We also note that C-hG catalysts results in a dominant 4 
e– transfer process (n = 3.98 when averaged within the potential window of 0.3 – 0.85 V), 
while C-eG and C-cG are characterized as a mixed 2e– and 4e– process (averaged n = 
3.28 and 3.55, respectively). As for OER in 0.1 M KOH solution (Figure 5.7b), the 
potential needed to reach 10 mA cm–2 (E10) was 1.67 V for C-hG, significantly lower 
than the potential needed for IrO2 (1.74 V). In addition, both C-hG and IrO2 showed the 
OER Tafel slopes of 60 mV dec–1, much smaller than those measured from C-eG and C-
cG.  
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The promising ORR/OER performance of C-hG is not limited to alkaline media. 
Even in an acidic solution of 0.5 M H2SO4, C-hG exhibited excellent performance. For 
ORR, the onset and half-wave potentials of C-hG (0.94 and 0.83 V) are even more 
positive than those of Pt/C (0.92 and 0.82 V), and its Tafel slope (81 mV dec–1) is nearly 
the same as Pt/C (78 mV dec–1). Similar to the case in 0.1 M KOH, C-hG exhibited a 
dominant 4e– ORR process (average n = 3.88) throughout the potential window of study 
(0.3 – 0.85 V) in the acid solution. For OER (Figure 5.3e,f), C-hG showed an E10 value of 
1.58 V, significantly lower than those of IrO2 (1.70 V), C-cG (1.90 V) and C-eG (> 2 V). 
The OER Tafel slopes of both C-hG and C-cG were quantified to be 50 mV dec–1, 
slightly larger than that of IrO2 (45 mV dec–1). All linear sweep voltammetry (LSV) and 
corresponding Koutechy-Levich plots are provided in the Figures 5.10 and 5.11, and the 
ORR/OER performance is summarized in the Table 5.6. It is also noted that the ORR and 
OER activities of each of fGOs (i.e. eG, hG and cG) and CeO2 themselves without 
interfacing each other is much worse than the hybrid catalysts; LSV curves in both 0.1 M 
KOH and 0.5 M H2SO4 are provided in Figure 5.10. 

 

Figure 5.10: ORR voltammograms in (a) 0.1 M KOH and (c) 0.5 M H2SO4; OER voltammograms in (b) 
0.1 M KOH and (d) 0.5 M H2SO4 for fGOs (eG, hG and cG) and CeO2. The curves for C-hG are provided 
for comparison. 
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Figure 5.11: LSV curves in O2-saturated 0.1 M KOH solution for (a) C-G (b) C-oG (c) C-hG (d) Pt/C 
obtained at various rotating speeds at a sweep rate of 5 mV s–1. Inset: the corresponding Koutechy-Levich 
plot at various disk potentials. All voltammograms presented are IR-compensated. 
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Table 5.6: A summary of oxygen electrocatalytic performance quantified in 0.5 M H2SO4 (acidic) and 0.1 
M KOH (alkaline) at a rotating rate of 1600 rpm.  
  0.1 M KOH  0.5 M H2SO4 
  C-G C-hG C-oG Pt/C  C-G C-hG C-oG Pt/C 

ORR onset 
potential† 

(V vs. RHE) 
0.77 0.90 0.80 0.92  0.63 0.94 0.72 0.92 

Half-wave 
potential 

(V vs. RHE) 
< 0.5 0.79 0.64 0.81  0.57 0.83 0.62 0.82 

Tafel slope, 
ORR 

(mV/decade) 
266 58 69 78  92 81 68 78 

Current density 
at 0.3 V‡ 

(mA/cm2) 
1.48 5.78 4.77 5.40  0.51 4.81 4.09 4.28 

Mass 
activity§ 

(A/g) 

@ 
0.90 

V 
0.06 3.1 0.89 2.44 

(12.2) 
 0.03 2.74 0.003 2.42 

(12.1) 

@ 
0.85 

V 
0.09 10.5 0.73 11.3 

(56.5) 
 0.031 9.95 0.01 11.0 

(55.0) 

@ 
0.80 

V 
0.21 25.2 4.71 47.0 

(235.3) 
 0.04 24.7 0.34 46.4 

(233.0) 

Electron transfer 
number * 3.28 3.98 3.55 3.92  2.42 3.88 3.51 3.95 

    IrO2     IrO2 
OER potential 
at 10 mA cm-2  

(V vs. RHE) 
N/A 1.67 1.85 1.74  N/A 1.58 1.90 1.70 

Tafel slope, 
OER 

(mV/decade) 
300 60 165 60  480 50 50 45 

 

† 
Chosen to be the potential reaching 0.1 mA/cm2. 

‡ 
IR-compensated current densities quantified at 0.2 V vs. RHE. 

§ 
Kinetic current per CeO2/graphene or Pt/C mass (excluding additives such as Nafion and additional 
carbon black); 123.2 µg/cm2 for all samples. The value in the parenthesis is based upon the mass of Pt 
only (24.6 µg/cm2).  

* Averaged values within the potential window of 0.35 – 0.75 V vs. RHE.  
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Figure 5.12: LSV curves in O2-saturated 0.5 M H2SO4 solution for (a) C-G (b) C-oG (c) C-hG (d) 
Pt/C obtained at various rotating speeds at a sweep rate of 5 mV s–1. Inset: the corresponding 
Koutechy-Levich plot at various disk potentials. All voltammograms presented are IR-compensated. 

 
 

To the best of our knowledge, this level of performance (on par with noble metal-
based benchmark) with versatility (bifunctional ORR/OER activity in both alkaline and 
acidic media) in oxygen electrocatalysis is unprecedented of non-noble metal-based 
systems. It is also noted that the excellent performance was realized without forming TM-
N moieties (TM: transition metal) which has been considered almost as a prerequisite for 
a high-performance oxygen electrocatalysis in non-noble metal-based systems.64,65 To 
further explore the origin of enhanced activity, we performed DFT calculations as 
discussed below. 

5.3.3 Theoretical understanding of the activity of fGO and CeO2-fGO hybrid 
systems 

 To rationalize the observed experimental activity of the fGO and CeO2-fGO 
hybrid catalysts, we consider a number of possible electrochemically stable fGO and 
CeO2-fGO systems as discussed further below. Given these systems, we then evaluate 
their theoretical ORR and OER activities (see Modeling and Computation section) at all 
possible active sites. This approach allows us to construct relative activity trends, 
particularly as a function of the activation groups (eG, hG, cG), and of the ceria (C) 
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support. The initial structures for graphene (G), epoxy-graphene  (eG) and graphene 
hydroxide (hG) were chosen from original work of Wang et al.66 The nanostructured 
model of mildly reduced GO (mrGO) was taken from Bukas et al.,67 while ceria 
structural models were taken from our recent work on nickel-ceria CO2RR catalysts,41 
both of which are included in the Catalysis-hub.org repository.51 Finally, minimal cells 
representing the interface between GO and ceria surfaces were generated via 
MPInterfaces code.68 

The most active structural models of graphene (G), fGO and CeO2-fGO hybrid 
catalysts are shown in Figure 5.12a. This set includes two hydroxy-graphene (hG-model) 
and other reduced GO variants with different configurations of epoxy and hydroxyl 
groups: nanostripe structures, eG-edge and hG-edge. A nanostructured model of mrGO67 
(eG-patch) was also tested (not shown).   
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Figure 5.13: (a) Important structural models of GO-ceria hybrid system. The picture insets show rendered 
atomic structures with hydrogen, carbon, oxygen and ceria atoms are shown as pink, grey, red and lime-
green spheres, respectively. The structure labels are introduced in text as: graphene (G) (with OH*), two 
hydroxy graphene (hG-model), hydroxylated graphene-graphene edge with OH* (hG-edge), and epoxy 
graphene-graphene edge with OH* (eG-edge). Supported and activated graphene structures on CeO2(100) 
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(aG-C) have either low coverage of OH* (ORR), or high-coverage of O-epoxy (OER). The ellipses 
highlight a common structural motif. (b) Calculated ORR activity map as function of OH* and OOH* free 
energies of the above models. For comparison, the results for ceria-surfaces and Pt(111) and Au(111) 
benchmarks adapted from Ref.[43] are also shown. The dashed line indicates the OOH* vs. OH* linear 
scaling obtained in this study. (c) Similarly, the calculated OER activity map as function of O*-OH* and 
OH* free energies for the above models including the IrO2(110) benchmark from Ref[69]. Symbols in 
brackets are numerical values of the obtained theoretical overpotentials for ORR (b) and OER (c) based on 
Equations 6 and 8.  

Finally, we also highlight the structure of the “activated” form of functionalized 
graphene on ceria (100) (aG-C), which is a configuration where a covalent bonding is 
formed between ceria and fGO as discussed further below. Fully oxidized GO (i.e. GO 
fully covered with epoxy group; full eG) and fully hydroxylated GO (full hG) were also 
tested (not shown). To study the activity of ceria alone, the stochiometric (O-vacancy 
free) (111), (110) and (100) surfaces were also considered. Additionally, the 
computational benchmark catalysts Pt(111) and Au(111)43 for ORR and IrO2 (110)69 for 
OER were also included for direct comparison with experiments.  

Since the exact nature of the CeO2-fGO interface is not known experimentally, an 
exhaustive search of all possible interfaces, orientations, lattice mismatches, and facets 
are not possible and are unlikely to provide fundamental insights. Instead, using 
MPInterfaces code,68 we have narrowed down to the minimal common cells combining 
graphene variants (G, eG and hG) and ceria (C) facets, (111), (110) and (100). Such fully 
relaxed interfaces between graphene, full eG and full or half hG and a stoichiometric 
ceria (111) yielded very little interface formation energy and a very small charge transfer 
at the interface (shown in Figure 5.14). Other ceria surfaces yielded similar results.   
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Figure 5.14: Weak support interaction and charge transfer values obtained for a non-activated graphene. 
GO on top of Ceria (111) for a) hydroxy free graphene, b) fully oxidized GO, c) fully hydroxylated GO, 
and d) top-half fully hydroxylated GO. The calculated GO-ceria interaction energies per (1x1) graphene are 
indeed very small: a) -0.003 eV, b) -0.002 eV, c) -0.007, and d) -0.048 eV. The colors indicate the 
isovalues for charge density difference plots after the formation of the interface.   

 

For that reason, we have further investigated more reduced forms of the graphene 
variants supported on ceria. Particularly, for ceria (100), which had considerably better 
lattice matching between top-most oxygens of ceria and carbons in graphene, a covalent 
bond formation between ceria top-most oxygens and graphene is formed if hydroxyl 
groups were present. We refer to a configuration with covalently bonded functionalized 
graphene on ceria (100) as “activated” and name it aG-C. A number of possible 
combinations and coverages were tested using the surface Pourbaix analysis (Figure 5.2). 
The direct oxygen bonding of ceria with graphene in all aG-C hybrid models resulted in 
the presence of surface Ce3+ detected from DFT local magnetic moment analysis. Figure 
5.13b shows a map of calculated theoretical ORR overpotentials (see Equation 6) as 
function of the two most important descriptors of ORR activity, the adsorption free 
energies of OH* and OOH*. Figure 5.14c features a similar map calculated for OER 
overpotential (see Equation 8), which is a function of O* and OH* adsorption free 
energies. It is noted that while the theoretical overpotentials are always calculated 
explicitly from OH*, O* and OOH*, the construction of the 2D maps takes advantage of 
O* or OOH* scaling vs. OH* for ORR and OER, respectively. 
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The ORR activity map (Figure 5.13c) show that energetics of all the systems 
(with the exception of full hG) closely follows the universal scaling relations between 
OOH* and OH* adsorption free energies,48,70 Δ<//0 = 0.9 ∙ Δ</0 + 3.29	eV (shown as 
dotted line in Figure 5.13b). The main calculated trend in ORR activities is that only 
reduced forms of hG (hG-edge, hG-model) and the activated hybrid catalysts (aG-C) (h= 
0.51 V) result in theoretical activities close to or better than Pt(111) (h=0.44 V). The 
reduced forms of eG are predicted to perform significantly worse when compared to 
reduced forms of hG, followed by pure ceria surfaces that have very low affinity to 
OH/O* groups. It is well known that ceria readily forms oxygen vacancies, but these, in 
turn, bind OH* too strongly (> -0.5 eV for single oxygen vacancy at CeO2 (111)) to be 
catalytically relevant.  

The OER activity map (Figure 5.13c) shows that reduced forms of hG (hG-edge, 
hG-model), activated hybrid (aG-C) and eG-patch contain favorable OER active sites, 
and all have overpotentials lower that IrO2 (h= 0.63 V). Again, we do not find pure ceria 
surfaces to be a viable system for OER due too low affinity to OH*/O* groups. In the 
presence of oxygen vacancies on ceria surface, the affinity becomes too high. 

From the aforementioned observations, it is worth highlighting that the highly 
active two-hydroxy-graphene structural motif of hG-model is essentially shared across all 
the active ORR and OER structures (highlighted with ellipses in Figure 5.13a). For that 
reason, we hypothesize that the bifunctional activity of hydroxylated CeO2-fGO hybrid 
catalysts originates from the presence of activated forms of GO and that such activation 
shares a common structural motif. 

A direct comparison of experimentally quantified performance to predictions of 
our theoretical models is shown in Figure 5.15. The measured ORR/OER overpotentials 
of the three CeO2-fGO hybrid samples and benchmark catalysts (Figure 5.15a; directly 
quantified from data in Figure 5.8) are compared to calculated limiting potentials 
(Figures 5.16b,c; based on the results of Figure 5.13). We caution that such a comparison 
can only be made on a relative basis, and only if the precise chemical nature of the CeO2-
fGO hybrid catalysts is known at the operational conditions. Nevertheless, for ORR case, 
we find that the experimentally determined activity C-hG relative to Pt and other hybrid 
catalysts is well aligned with theoretical prediction based upon activated forms of 
reduced hG, particularly with the model of activated hybrid aG-C catalyst (Figure 5.15b). 
This is in agreement with the post e-chem analysis of C-hG samples, which indicate the 
presence of hydroxy groups.  

For OER case, we also find that the high activity of C-hG also matches well with 
the theoretical prediction based upon activated forms of reduced hG and of the hybrid 
aG-C (Figure 5.15c). Under OER conditions, some epoxy surface species are present in 
the hybrid aG-C model (Figure 5.2) but the presence of hydroxy groups is simultaneously 
required to form an activated interface between the graphene and ceria. Post OER e-chem 
analysis of C-hG samples also show a high content of hydroxy groups. 
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Figure 5.15: Direct comparison of the measured overpotentials (a) to calculated limiting potentials for 
ORR, UL,ORR (b) and for OER, UL,OER (c). The measured ORR overpotential is Erev – E1/2, and the OER 
overpotential is Erev – E10, which are based upon the results presented in Figure 5.3. The numbers inside the 
graph (a) are the sum of ORR and OER overpotentials; that is, E10 – E1/2 values of each sample. The 
theoretical overpotentials are based on energetics of Figure 5.4.   
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5.3.4 Operational durability  
The operational durability of C-hG was evaluated via potential cycling 

measurements in both 0.1 M KOH and 0.5 M H2SO4 (Figure 5.16). While the 
performance decay of C-hG during potential cycling in 0.1 M KOH was negligible, a 
dramatic degradation was observed in 0.5 M H2SO4. The sum of ORR and OER 
overpotentials (E10 - E1/2) changed from 0.70 V (150 cycles) to 1.63 V (2000 cycles). 
This is not surprising because strong acids are expected to cause leaching of metal 
oxides.71 

To probe possible impacts on durability by incorporating other functional groups 
on a carbon-based substrate, a composite of C-hG and activated carbon (AC) is 
considered. Since ACs have a high surface area and micro-porosity, they are widely used 
as the carbon support of oxygen electrocatalysts.72 ACs are mixed with C-hG along with 
nitric acid (HNO3) and sulfuric acid (H2SO4) mainly because acid treatment of ACs are 
expected to create various oxygen-containing functionalities.72,73  

 

 

Figure 5.16: Cyclic durability test of C-hG in 0.1 M KOH (a) and 0.5 M H2SO4 (b) via potentiodynamic 
measurements at 50 mV s-1. Only the AC treated sample maintained its activity in acid for 2000 cycles.  
Voltammograms are obtained during the 150th and 2,000th cycles between 0.0 V and 2.0 V with the 
compliance current of j = 12 mA cm-2. All voltammograms presented were obtained at 1600 rpm. 

 

The addition of AC proved highly effective in improving the operational stability 
of C-hG for both ORR and OER, especially in the acidic solution. As evident in Figure 
5.16, AC-mixed C-hG (namely C-hG/AC) show little difference in the activity between 
the 150th and 2,000th cycles. To the best of our knowledge, this is the first demonstration 
of MO-based oxygen electrocatalysts stable in an acidic solution. It is noted that the ORR 
activity of AC itself is not impressive; the onset potential is 0.72 V, and electron transfer 
number spans between 2.2 and 3.3 in 0.1 M KOH as shown in Figures 5.17b-c. Therefore, 
the stability should originate from a specific type of chemical bonding between 
functionalized graphene and AC and/or between ceria and AC. The sulfonic group found 
in the AC as verified by an FTIR scan (at ~2490 cm-1; Figure 5.17a) may be responsible 
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for the performance and stability because carbon with sulfonic groups acts as an active 
and stable heterogeneous acid catalyst.74  

 

Figure 5.18: Characterization of activated carbon: (a) FT-IR spectra of AC, (b) RRDE voltammogram 
obtained in 0.1 M KOH, (c) the resulting electron transfer number (n) and HO2- production percentage. 

 

5.4 Conclusions 
 

In our previous work, we demonstrated that MO/graphene hybrids can be highly 
ORR-active even with ORR-inert MOs (TiO2 and ZrO2). We consider this behavior as an 
“MO-enabled activation of graphene for ORR,” which is totally different from the 
conventional view on MO/graphene hybrids where graphene is regarded as a MO-
anchoring template to enhance electronic transport and suppress MO agglomeration. Due 
to the promising properties exhibited by oxygen electrolysis this study was extended to 
include the application of CeO2 to MO/graphene system with an expectation of further 
enhanced performance. 

Consequently, this report demonstrates a highly active bifunctional oxygen 
electrocatalysis from the CeO2-activated 2D carbon. CeO2/hydroxylated graphene affords 
a surprisingly high ORR and OER performance, comparable to those of noble metal-
based benchmark catalysts, in both alkaline and acidic media. This work presents a new 
approach of activating 2D carbon for excellent ORR/OER performance even without N-C 
or metal-N moieties, the widely accepted essential component for high catalytic activity 
in carbon structure-based systems. Our thermodynamic screening approach applied to 
GO, mrGO and hybrid CeO2-fGO systems identifies the highest theoretical activities for 
reduced hydroxy-functionalized GO. The calculations also reveal an activation 
mechanism, by which ceria nanoparticles form strong interface with GO when hydroxyl 
groups are present. We further rationalize the bifunctionality of the CeO2-fGO 
hydroxylated hybrid catalyst by the presence of previously unknown hydroxy-activated 
graphene structural motif. Finally, we briefly demonstrate a substantially enhanced 
stability of CeO2/fGO hybrid catalysts in acidic media by incorporating activate carbon. 
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Chapter 6: 3D Interface-Engineered Transition Metal 
Oxide/MOF Hybrid Structures for Efficient Bifunctional 
Oxygen Electrocatalysis in Alkaline Environments 
 
6.1 Introduction 

The performance of representative electrochemical energy conversion and storage 
such as metal air batteries, fuel cells and electrolyzers relies largely on the catalysis of 
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER).321 To achieve a 
decent performance by overcoming the intrinsically sluggish nature of these reactions, 
researchers have employed noble-based catalysts such as platinum carbon (Pt/C) or IrO2. 
However, due to its rarity, high cost and susceptibility to poisoning, many within the field 
have utilized heterogenous catalysts where a carbonaceous structure such as graphene 
oxide (GO) or metal-organic framework (MOF)-derived carbon is used as an electron-
conducting matrix.21,259,322 MOF is a type of supporting structure (framework) that links 
polyatomic clusters (secondary building blocks) using strong directional covalent 
bonds.323–325 The catalytic performance of an electrocatalyst is determined by two factors: 
(1) the density of catalytically active sites and (2) the intrinsic activity of individual active 
sites.65 Most metal-based catalysts consist of metal (or metal oxide) nanoparticles 
supported on a high-surface-area materials to provide electro-conducting pathways 
throughout the resulting catalyst.326 Many pathways exist to increase both number of active 
sites and intrinsic activity of each site for bifunctional catalysis. One of them is the use of 
multiple metals and/or metal oxides interfacing each other. Bimetal-based catalysts have 
exhibited excellent catalytic activity97,327–331 and in some cases, outperformed noble metal-
based catalysts.332 Bimetallics are such that, one metal ion acts as a support while the other 
acts as an active center for catalysis.333 Examples of bimetallics include CoNiOOH and 
NiFeOOH that have shown higher activities than single metal core catalysts.334–338 Li et al. 
fabricated four MOFs (NNU-21-24) based on Fe2M (where M=Fe, Co, Ni, and Zn) clusters 
for OER in which all four catalyst based upon these metal ions outperformed the 
monometallic catalyst in terms of activity and durability.339 It is believed that Fe cluster 
induce d-band centers to be close to the Fermi level, leading to a stronger binding 
interaction between O* intermediate and catalyst, thus aiding in the synergy 
electrocatalyst.340 Zhu et al. demonstrated that a Ni-based MOF encapsulated by Fe-based 
MOF catalyst exhibit an overpotential of 265 mV at 10 mA cm-1 in 0.1 M KOH. DFT 
calculations also showed bimetal-based catalyst can afford a more optimal binding 
conditions for facilitated reactions.341  

MOFs that solely use a single metal core, those containing Co, Ni, Mn, Ce, etc. has 
been widely applied for ORR/OER catalyst development. Among these metals, in my 
study, Co and Ce are chosen due to the bifunctionality of Co and high valence flexibility 
of Ce.342–344 When both cerium and cobalt are combined to create a bimetallic catalyst, 
studies have shown enhanced activity for both ORR and OER.345–347  

Structural integrity and enhanced performance is crucial, therefore, the use of ALD 
using metal-oxides is perferred.348,349 Acid treatment using phosphoric acid should allow 
metal-oxides to better adsorb onto the surface of the MOF, which is advantageous in 
incurring potential synergies between metal and carbon. Nitrogen based functionalization 
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of ZIF based catalyst by acid treatment has been found effective in improving catalytic 
activity.34–36 Phosphate functionalization can help with carbon substrates37 although 
phosphate modification has been well-established in other oxide studies such as MCM-41 
and SBA-15 by reaction with inorganic phosphoric acid. CeO2 nanosheets (NSs) with 
trimethylphosphate (TMP) and a subsequent calcination, phosphate (POx)-modified 
CeO2 NSs can be successfully prepared with controllable surface POx content and without 
impurity phases.38–41 With phosphates present, metal oxides can adsorb onto the surface of 
the MOF, 42 possibly leading to an increased OER activity.43–47 

Once these have formed, calcination can take place to allow not only further 
utilization of the metal oxides but introduce small quantities of nitrogen and oxygen into 
the MOF. Studies have shown that N-doped carbon structures with cobalt species exhibit 
excellence bifunctional performance.48–52 Additionally, with the added small quantities of 
cobalt oxides, both ORR and OER has the potential to be enhanced. To the best of our 
knowledge, the introduction of second metal/metal oxide species by ALD on a 
metal/carbon hybrid catalyst derived from MOF is yet to be explored. 
 
6.2 Experimental 

Low temperature hydrothermal method was used to synthesize cobalt and cerium 
containing MOF framework. 2 mmol of Co(NO3)2•6H2O and Ce(NO3)3•6H2O were added 
into 8 mL of deionized water and 12 mL of ethanol. Then, 2 mmol of terephthalic acid 
(H2BDC) was added into 12 mL of ethanol and subsequently added to the aforementioned 
solution to be stirred for 30 min for a uniform solution to form. The mixed solution was 
transferred into a 90 mL Teflon-sealed dry-oven for a hydrothermal reaction. The reaction 
was performed at 80°C for 24 h. Finally, the precipitate was washed repeatedly by ethanol 
and water in a 1:10 ratio respectively and named MOF. Once allowed to dry, the sample 
was treated with 2 mL of 0.1 M phosphoric acid and washed with the same ethanol-water 
combination and named pMOF. Allowed to dry overnight, the powder was placed inside a 
handmade copper box of a 4 cm x 4 cm dimension.  

For ALD of zirconia and titania samples (termed Z-pMOF for zirconia incorporated 
phosphoric treated MOF and T-pMOF for titania incorporated phosphoric treated MOF), 
tetrakis(diethylamido)zirconium(IV)[(C2H5)2N]4Zr and 
tetrakis(diethylamido)titanium(IV) [(C2H5)2N]4Ti were used as the precursors while 
distilled water and nitrogen was used as co-reactant and purging gas, respectively. The 
canister temperatures for zirconia and titania were 250 °C and 200 °C with the chamber 
temperature of 250 °C. The pulsing time of 5 s was used for zirconia and titania precursor, 
and 0.5 s for water. Once completed, all samples were heated in air in a tube furnace at 
400°C for 24 h. 
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6.3 Results and Discussion 

6.3.1 Physicochemical properties of hybrid catalysts 
In the FT-IR spectra Figure 6.1a, the H3PO4-treated sample (pMOF) shows distinct 

!"!"# stretching (1100 cm–1) unlike the as-prepared MOF without such peak.  

 
Figure 6.1: FT-IR (a) and XRD spectra (b) of MOF-Zr and MOF-Ti. Co Kα radiation (λ = 1.78897 Å) was 
used for XRD.  (c) Raman data for MOF, Z-pMOF, and T-pMOF (c) CeO2, and (d) CoO2. 

 
The uniform dispersion of phosphorus in the hybrid catalyst is also supported by the 
EFTEM elemental map of T-pMOF shown in Figures 6.2, 6.3 and 6.4. The XRD spectra 
(Figure 6.1b) indicates that CeO2 (hexagonal) and CO4 (cubic) crystals are already formed 
in both MOF and pMOF after heat treatment at 400 ºC. The formation of TiO2 (anatase) in 
T-pMOF and ZrO2 (monoclinic) in Z-pMOF are additionally confirmed by XRD. Peaks at 
34º and 67º indicate the presence of cerium oxide for all MOF samples with their specific 
planes of (004), (213) and (420), respectively. All MOF samples show metallic Co peak at 
46º. (Additionally, the system for T-pMOF is CoTiO3 (rhombohedral). Scherrer equation 
was used to determine the particle size of cerium (47 nm), titanium (4.5 nm) and cobalt 
(4.7 nm).   

 
Figure 6.2: HRTEM images of (a) MOF (b) Z-pMOF, and (c) T-pMOF; revealing lattice fringes of (004) 
CeO2 nanorods, (105) TiO2 nanoclusters, and (311) ZrO2 nanoclusters. (d) A zoomed-out TEM image of 
T-pMOF and (e-g) their corresponding EFTEM elemental map of Co, Ce and Ti, respectively. Circled in 
red is metallic cobalt nanoclusters. 
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Figure 6.3: HRTEM, TEM, diffraction of titania, and EFTEM mapping for T-pMOF. 

 
Figure 6.4: XPS data for T-pMOF, Z-pMOF, pMOF, and MOF for (a) O 1s, (b) P 2p, (c) Zr 3d, (d) Ce 3d, 
(e) Co 2p, and (f) Ti 2p. 
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Figure 6.5: XPS survey data for MOF, Z-pMOF, and T-pMOF. 

 
XPS data also confirms the presence of cerium oxide with further analysis of the 

valency states of cerium oxide as seen in Figure 6.4d. The binding energies of 882.7, 885.3, 
889.2, 909.6, and 916.9 eV represent Ce4+. The binding energies of 898.16 and 901.2 eV 
represent Ce3+.53 T-pMOF has more Ce4+ than Ce3+ in general than Z-pMOF or MOF alone. 
When looking at cobalt (Figure 6.4e), T-pMOF, Z-pMOF, pMOF, and MOF have the 
presence of Co3+ (779, 780, 784, 786 eV), Co2+ (794, 796, 800, and 802 eV), and metallic 
cobalt (788.8 eV).54,55 Further analysis was made to confirm the presence of zirconia and 
titania as seen Figure 6.4c and Figure 6.4f. Additionally, a full survey of the XPS was also 
provided (Figure 6.5). 

 

 
Figure 6.6: HRTEM, TEM, and EDS mapping of MOF sample. 

 
TEM imaging and HRTEM was taken for all three samples MOF, T-pMOF and Z-

pMOF to determine the crystallinity and size of TiO2 and ZrO2 nanoparticles. MOF 
amorphous structures are currently approximately 25 nm (Figure 6.6) compared to CeO2 
nanorods have a particle size of 50 nm for T-pMOF as seen in Figure 1d while the Z-pMOF 
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has an agglomerated particle size of 0.55 µm or amorphous particle size of approximately 
5 nm as seen in Figure 6.2a. HRTEM in Figure 6.2b-c reveals how metallic cobalt 
nanoparticles resides within the CeO2 nanorods and how TiO2 particles of phase (101) 
(Figure 1e) or ZrO2 particles of phase (103) (Figure 1b) “hang off” of the larger nanorod. 

6.3.2 Electrochemical characterization of hybrid catalysts.  
To characterize ORR performance of hybrid catalysts (and Pt/C for comparison), 

RDE and RRDE were performed in 0.1 M KOH aqueous solution. All samples including 
20 wt.% Pt/C have a solid loading mass of 0.18 mg cm–2. As shown in the LSV spectra 
(Figure 4a), T-pMOF exhibits an ORR activity even higher than that of Pt/C. The onset 
potential (Eon) of T-pMOF (0.92 V versus RHE; all potentials are presented versus RHE 
hereafter) is the same as that of Pt/C (Eon = 0.92 V), but the mass transport-limited current 
density (jm) of T-pMOF (5.63 mA cm–2 at 0.2 V) compares rather favorably to Pt/C (5.54 
mA cm–2). MOF (Eon = 0.70 V and jm = 1.42 mA cm–2) and Z-pMOF (Eon = 0.78 V and jm 
= 2.23 mA cm–2) show poorer performances. 

 
 

 
Figure 6.7: ORR voltammograms obtained in O2-satured 0.1 M KOH. (a) LSV curves at 1600 rpm, (b) 
Tafel plot and Tafel slopes. OER characterization obtained in N2-saturated 0.1 M KOH (a) LSV at 1600 
rpm, (b,d) Tafel plot and Tafel slopes. (c) Half-wave potential with accompanying electron transfer and 
(f) Turnover frequency and mass activity for both ORR and OER. 
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Figure 6.8: LSV curves in O2-saturated 0.1 M KOH solution for (a) MOF (b) Z-pMOF (c) T-pMOF (d) 
Pt/C obtained at various rotating speeds at a sweep rate of 5 mV s–1. Inset: the corresponding Koutechy-
Levich plot at various disk potentials. All voltammograms presented are IR-compensated. 

 
To further evaluate electrocatalytic activity, RRDE analysis was performed. Figure 

6.9 shows linear sweep voltammetric (LSV) data, from both disk and ring, obtained from 
MOF, Z-pMOF, T-pMOF and Pt/C electrodes with various rotating rates. The 
phosphorylated MOF based sample (i.e., T-pMOF) again exhibited the highest onset 
potential (0.92 V versus RHE; all potentials versus RHE hereafter), half-wave potential 
(0.82 V) and current density (5.56 mA cm–2 at 0.4 V, respectively), close to those of Pt/C 
(0.92V, 0.80V, and 5.52 mA cm–2 at 0.4 V, respectively). The corresponding electron 
transfer number (n) value of T-pMOF was also larger (3.98) compared Z-pMOF (3.6) and 
MOF (3.2) when averaged for the potential window of 0.3 – 0.6 V. The LSV curves at 
different rotating speeds and corresponding Kouteckly-Levich (K-L) plots (insets) are 
shown in Figure 6.8. All the K-L plots exhibit linear slopes indicating a first-order ORR 
kinetics with respect to oxygen activity. The ORR kinetics were also quantified from the 
Tafel plots of mass transport-corrected kinetic currents for TMO/CoxCeOx-2-based nanorod 
hybrids (Figure 4b). The Tafel slope of T-pMOF is 75 mV per decade, better than Pt/C 
(78.2 mV dec–1) and significantly smaller/equal than those of MOF and Z-pMOF (207 and 
75 mV dec–1, respectively).  
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Figure 6.9: ORR voltammograms obtained in O2-satured RRDE ring current (upper-dotted line) and disk 
current (lower-solid line) at 1600 rpm in (a) 0.1 M KOH, (c) H2SO4 and the resulting electron transfer 
number (upper-dotted) and hydrogen peroxide generation rate (lower-solid line) in (b) 0.1 M KOH and 
(d) 0.5 H2SO4. All voltammograms presented are IR-compensated. 

 
Using Figure 6.9a, the peroxide yield and n values are represented based upon 

RRDE voltammograms obtained at a disk sweep rate of 5 mV s-1 while fixing the ring 
potential at 1.3 V. The hydrogen peroxide yield average was <5.2% for T-pMOF, <15% 
for Z-pMOF, and <25% for MOF and n average was 3.93 for T-pMOF, 3.41 for Z-pMOF, 
and 3.45 for MOF from 0.3 – 0.85 V vs. RHE according to Figure 6.9. This suggest that T-
pMOF dominates a 4-electron ORR pathway. The good performance is attributed to the 
enhanced electrochemical surface area (ECSA) as seen in Figure 6.10 with T-pMOF having 
the largest area of 60.0 cm2 compared to MOF, Z-pMOF, and Ni-foam (41.5, 43.7, Ni-
foam 4.48 cm2, respectively). 
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Figure 6.10: Plot of difference of anodic and cathodic current density as a function of scan rate for MOF, 
Z-pMOF, T-pMOF, and Ni-foam in 0.1 M KOH. 

 

 
Figure 6.11: Cyclic voltammetry with various scan rates for the ECSA quantification (a) Ni Foam, (b) 
MOF, (c) Z-pMOF and (d) T-pMOF in 0.1 M KOH. For visual clarity, CV curves obtained at only 5 
selected scan rates (12, 20, 28, 36 and 44 mV s-1) are provided. 

 
To fully test bifunctionality, OER measurements were taken in both 0.1 M KOH 

(Figure 4c) with corresponding Tafel plots as seen in Figure 6.4d. Onset potential in 
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alkaline media at 10 mV cm–2 for MOF, Z-pMOF, T-pMOF, and IrO2 was 1.94, 1.78, 1.52, 
and 1.70 V vs. RHE. The T-pMOF strong performance was attributed to not only the 
aforementioned increase of cerium oxide. Further analysis was conducted on nickel foam 
for all samples including IrO2 (Figure 6.12). 

 

 
Figure 6.12: OER characterization using Ni-foam in 0.1 M KOH. LSV curves of metal oxide/MOF 
variants and IrO2 in N2-saturated. Dashed lines correspond to 10 mA cm-2. 

 
Durability test for both ORR and OER was performed for 2,000 cycles for T-pMOF 

in alkaline media as seen in Figure 6.13 and Figure 6.14. There was little to no difference 
between 150 and 2,000 cycles for T-pMOF in terms of both onset potential and current 
gain. 

 

 
Figure 6.13: Cyclic durability test of T-pMOF in 0.1 M KOH (a) and 0.5 M H2SO4 (b) via potentiodynamic 
measurements at 50 mV s-1. Voltammograms are obtained during the 150th and 2,000th cycles between 
0.0 V and 2.0 V with the compliance current of j = 12 mA cm-2. All voltammograms presented were 
obtained at 1600 rpm. 
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Figure 6.15: Chronopotentiometric measurements for T-pMOF and Pt/C. 

 
Electrochemical tests were also conducted in acidic media (0.5 M H2SO4), but they 

were not as favorable as the alkaline performance. T-pMOF had ORR and OER activities 
of 0.79 V vs. RHE and 1.61 V vs. RHE, respectively (Figure 6.15). Other samples like Z-
pMOF did not show any better performance (ORR: 0.62 V vs. RHE; OER: 1.69 V RHE). 
K-L plots (Figure 6.16) and Tafel plots (Figure 6.15b and 6.15d) also indicate poor kinetics 
for both T-pMOF (ORR: 80 mV dec–1; OER: 60 mV dec-1) and Z-pMOF (ORR: 80 mV 
dec–1; OER: 60 mV dec–1). However, RRDE data (Figure 6.9c-d) had favorable electron 
transfer number of (T-pMOF) 3.97 and (Z-pMOF) 3.5 between 0.3 – 0.8 V vs. RHE on 
average. A decrease OER and ORR durability for the T-pMOF sample as seen in Figure 
6.15 (ORR 0.8 to 0.54 V vs. RHE; OER 1.57 to 1.62 V vs. RHE).  
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Figure 6.15: ORR voltammograms obtained in O2-satured 0.5 M H2SO4. (a) LSV curves at 1600 rpm, (b) 
Tafel plot and Tafel slopes. OER characterization obtained in N2-saturated 0.5 M H2SO4  (c) LSV at 1600 
rpm, (d) Tafel plot and Tafel slopes. 
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Figure 6.16: LSV curves in O2-saturated 0.5 M H2SO4 solution for (a) MOF (b) Z-pMOF (c) T-pMOF (d) 
Pt/C obtained at various rotating speeds at a sweep rate of 5 mV s–1. Inset: the corresponding Koutechy-
Levich plot at various disk potentials. All voltammograms presented are IR-compensated. 

 

6.3.3 Effects of heat treatment.  
Pyrolysis is typically used to graphitize MOFs, however for our research, we have 

found that a simple heat treatment at 400°C in air for the T-pMOF sample has achieved 
graphitization. We found T-pMOF and Z-pMOF having a large Ig/Id ratio peak (1.09, 1.05 
respectively) as seen in Figure 1c. The appearance of graphitization, as seen with a large 
Ig/Id ratio peak, indicates that the interfacing of TMO/MOF structure allows the formation 
of defects. The other samples in Figure 1c, pMOF and MOF, lacked any visible D or G 
band peaks.  

Heat treatment at 400°C in air is critical for both ORR and OER performance. We 
found that catalysts that are heat treated below 400°C (e.g. 200°C for N2 and O2) display a 
large oxidation peak during positive LSV sweep (Figure 6.17). In Figure 6.18, the sample 
treated at 400°C in air is better than the other four samples in both ORR and OER indicating 
that our rather unconventional heat treatment leads to an unexpectedly favorable catalytic 
activity. Compared to T-pMOF, monometal-based catalysts slightly underperform, further 
supporting the favorable effect expected from bimetallic catalysts for both ORR and OER 
performance. 
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Figure 6.17: Voltammograms obtained in 0.1 M KOH LSV curves at 1600 rpm of various heating 
treatment (a) O2-satured ORR and (b) N2-satured OER. 

 
Figure 6.18: Voltammograms obtained in 0.1 M KOH LSV curves at 1600 rpm of various gasses and 
metal ions/compounds (a,c) O2-satured ORR and (b,d) N2-satured OER. 
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6.3.4 Quasi-operando XPS analysis 
In the hope to observe the change in the chemical states of our catalysts during ORR 

and OER operation, we performed so-called quasi-operando XPS analysis, which is 
achieved by performing ex situ XPS after exposing the catalyst at a specific potential in an 
alkaline solution (Figure 6.19). We tested T-pMOF for Co 2p, O 1s, and Ce 3d after 
exposing the sample at a potential between 0.52 - 1.72 V. Co 2p spectra observed after 
performing ORR (0.52 – 0.92 V) and OER (1.32 – 1.72 V), the peaks of 797.05 and 804.83 
eV of Co2+ peaks became smaller while Co3+ peaks got smaller. Ti 2p spectra after both 
ORR and OER, the peaks of 461.5 and 463.7 eV of Ti4+ got smaller while Ti3+ peaks got 
larger. This means the titanium for T-pMOF samples tends to be reduced as the potential 
increases while cobalt does the opposite. This indicates that both titanium and cobalt 
contribute synergistically towards the catalysis of T-pMOF. 
 

 
Figure 6.19: T-pMOF XPS data of voltages 0.52-1.72 V for (a) O 1s, (b) Co 2p, and (c) Ti 2p 

 
6.4 Conclusion 

We have demonstrated the critical impact of proper MOF functionalization on ORR 
and OER performance. Phosphoric acid treatment was performed on MOFs, which is made 
of Co and Ce precursors and organic linker, to induce more phosphate groups before 
anchoring TMO NPs (either TiO2 or ZrO2) using ALD. TiO2 NPs/MOF hybrid, labeled as 
T-pMOF performed the best catalytic activity for both ORR and OER. T-pMOF have 
electron transfer number of nearly four and superior onset potentials (0.92 V vs. RHE for 
ORR and 1.52 V vs. RHE for OER) compared to other catalyst such as Z-pMOF and MOF. 
It is ascribed to the synergistic effect between TMOs and carbon mediated by phosphate 
groups, which provided a favorable environment for oxygen absorption upon the surface 
of the hybrid catalyst. 
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6.5 Experimental 

6.5.1 Sample Preparations 
Low temperature hydrothermal method was used to synthesize cobalt and cerium 

containing MOF structure. 2 mmol of Co(NO3)2·6H2O and Ce(NO3)3·6H2O were added 
into 8 mL of deionized water and 12 mL of ethanol. Then, 2 mmol of terephthalic acid 
(H2BDC) was added into 12 mL of ethanol and subsequently added to the aforementioned 
solution to be stirred for 30 min for a uniform solution to form. The mixed solution was 
transferred into a 90 mL Teflon-sealed dry-oven for a hydrothermal reaction. The reaction 
was performed at 80°C for 24 h. Finally, the precipitate was washed repeatedly by ethanol 
and water in a 1:10 ratio respectively and named MOF. Once allowed to dry, the sample 
was treated with 2 mL of 0.1 M phosphoric acid and washed with the same ethanol-water 
combination. Allowed to dry overnight, the powder was placed inside a handmade copper 
box of a 4 cm ´ 4 cm dimension.  

For zirconia and titania ALD, tetrakis(diethylamido)zirconium(IV) [(C2H5)2N]4Zr 
and tetrakis(diethylamido)titanium(IV) [(C2H5)2N]4Ti were used as the precursors while 
distilled water and nitrogen was used as co-reactant and purging gas, respectively. The 
canister temperatures for Zr and Ti were 250 °C and 200 °C, respectively while the 
chamber temperature was set at 250 °C. The pulsing time of 5 s was used to introduce Zr 
and Ti precursors, and 0.5 s was allowed for water. After 20 and 100 cycles (Zr and Ti 
precursors, respectively) of ALD processes, both samples were heated in air in a tube 
furnace at 400°C for 24 h. The products are named Z-pMOF and T-pMOF. Samples that 
did not have ALD deposition were termed MOF (MOF treated with phosphate was termed 
pMOF), both samples were subjected to subsequent heat treatment. 

6.5.2 Material Characterization 
The morphology of hybrid structures were characterized by transmission electron 

microscopy (TEM, Tecnai 200kV FEI monochromated F20 UT). The preparation for TEM 
samples was achieved by drop-casting the sonicated ethanol-suspended catalyst upon a 3 
mm Lacey B Carbon 400 mesh grid from Ted Pella, followed by ambient drying. X-ray 
diffraction (XRD) patter was recorded by a PANalytical X’Pert PRO with Co Kα radiation 
(λ = 1.78897 Å) at a step size of 0.02º and scan rate of 0.04º s-1. For XRD samples, 10 mg 
of catalyst in 5 mL of ethanol was drop-casted upon an aluminum disk and allowed to dry 
in oven at 40°C for 4 h. Fourier transform infrared spectroscopy (FT-IR) samples were 
dried under vacuum and placed between a diamond crystal and a Si wafer to ensure a 
flatness before being analyzed in a Nicolet 380 system (Thermo Fisher Scientific). X-ray 
photoelectron spectroscopy (XPS) analysis was performed in a Nexsa system using a 
focused, monochromatic micro-focused low power Al Ka X-ray (1486 eV) source for 
excitation and a spherical section analyzer (150 µm diameter X-ray beam incident to the 
surface normal; detector set at 45°). Sample preparation included a dispersion of the 
catalyst in ethanol and drop-cast onto a cleaned Si wafer. 

6.5.3 Electrochemical characterization 
The ORR activity of the catalysts was evaluated in 0.1M KOH or 0.5 M H2SO4 

with ring-disk electrode (RDE; RRDE-3A, ALS Co.) in a three-electrode setup having 
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RRDE electrode as a working electrode, a graphite rod as a counter electrode, and an 
Ag/AgCl/KCl (3.5 M) electrode as the reference electrode. The working electrode was 
prepared by drop-casting each electrode ink onto a 4 mm RRDE glassy carbon disk 
electrode. The ink was prepared by immersing 15 mg of metal oxide/carbon hybrid 
catalysts into 2.21 mL of ethanol along with 3.75 mg of carbon black (Vulcan XC72) and 
75 µl of 5 wt% Nafion (Nafion D-521, Alfa Aesar). For Pt/C electrode, a 15 mg ml–1 Pt/C 
suspension was prepared by using a commercial 20 wt% Pt supported on carbon black 
instead of the hybrid samples. Then, O2 and N2 saturated environment was implemented 
by flowing high-purity O2 and N2 gas at 32 sccm into 80 ml of electrolyte for >30 min. All 
electrochemical profiles are expressed with respect to reversible hydrogen electrode 
(RHE). ECSA was measured using a Ni-foam (geometric area of 0.35 cm2) as the substrate. 
The Ni-foam was cleaned with 0.5 M HCl for 3 h and subsequently rinsed with 1:10 
ethanol:water. 
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Chapter 7: Conclusion and Impact of Research 
 
7.1 Conclusion 

This Dissertation presented a series of experimental and theoretical studies 
(Chapters 4-6) having made an important contribution to the field (Chapter 1). Following 
from Chapter 1, 16 catalysts were tested to determine the most synergistic catalyst based 
upon three components: nanocarbon structures, functional oxygen groups, and transition 
metal oxides. After a series of tests of the graphene oxide series (Chapters 4 & 5) and 
metal-organic frameworks series (Chapter 6): T-cG, T-pMOF, and C-hG were the most 
optimal combinations of their respective functional oxygen groups. C-hG was the most 
effective catalysts in terms of onset potential, durability, and “binding conditions” (from 
density functional theory calculations). Using a systematic method, it was determined 

that sample preparation of graphene oxide and metal-organic frameworks samples 
allowed transition metal oxides to be adsorbed. This phenomenon of adsorption allowed 
for the study of the three classical combinations and lead to an increased knowledge of 
desirable combinations and understanding of oxygenated functionalization and how it can 
occur on nanocarbon structures. More importantly, the objectives outline in Chapter 1 
were fulfilled: 

 
(1) To study the effects of interfaces between nanocarbon structures and transition 

metal oxides on electrochemical performance and durability for oxygen reduction 
reaction and oxygen evolution reaction. 
 

(2) To develop high-performance nanocarbon structures/transition metal oxide 
hybrid electrocatalysts for oxygen reduction reaction and oxygen evolution 
reaction based upon the studied property-performance correlation. 
 
The assertion is justified because an increase in performance and durability as a 

result of effective interfacing between nanocarbon structures and transition metal oxides 
is presented. In addition, it was revealed that proper functionalization of nanocarbon 

Table 7.1: The structures that resulted from “optimal” adsorbed created enhanced “binding” performance 
compared to “non-optimal” adsorbed conditions. 

NC FOG TMO 
Graphene Oxide (G)  Epoxy (e) -eG TiO

2-x
 (T) T-eG, T-cG, T-hG, and  

T-pMOF 

Metal-Organic Framework (MOF) Carboxyl (c) -cG ZrO
2-x

 (Z) Z-eG, Z-cG, Z-hG, and  

Z-pMOF 

  Hydroxyl (h) -hG CeO
2-x

 (C) C-eG, C-cG, and  

C-hG 

  Phosphate (p) -pMOF   
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structures is critical in achieving high electrocatalytic activity by favoring an efficient 4-
electron pathway. This is supported by the fact that interfacing nanocarbon structures 
with transition metal oxides, even with catalytically inert (against oxygen electrocatalysis 
e.g. TiO2, ZrO2), can still render an excellent oxygen reduction activity.  

Interfacing with a catalytically active transition metal oxide (e.g. CeO2) naturally 
resulted in an even more enhanced performance, indicating the non-negligible role of 
transition metal oxides in the catalytic activity of the resulting hybrid catalyst. However, 
the excellent activity was realized again only when a specific oxygen-containing 
functional group was formed before tethering the transition metal oxide, further 
supporting the critical role of functional groups in performance. It was also revealed that 
other important factors for electrocatalytic performance included the inhibition of 
graphene restacking, by which the catalytically active surface areas were conserved. 
 
7.2 Impact of Research 

TMO/NC hybrid catalysts have been synthesized mainly to complement low 
electronic conductivity and surface area of TMOs by placing them onto a high-surface-
area electronic conducting NC. Recent studies focusing on the synergistic effect in 
catalytic activity between TMOs and NCs lack mechanistic understanding of the 
synergies. The work has mainly focused on the role of FOGs interfacing between TMOs 
and NCs in oxygen electrocatalysis, which has rarely been explored extensively. From a 
series of studies, it was revealed that TMOs can serve as an aid to functionalize the basal 
carbon surface in a way to maximize the catalytic activity. This is the case even with 
TMOs that are electrocatalytically inert.  

This finding should enable a new route of developing non-noble metal-based 
oxygen electrocatalysts by engineering new interfaces to maximize electrocatalytic 
activity. The approaches, based upon the new understanding by using cost effective and 
abundant materials and processes, may facilitate a widespread deployment of fuel cells, 
electrolyzers, metal-air batteries and regenerative fuel cells. A large-scale production of 
these systems will enable hydrogen-based energy ecosystems, making the electric grid 
more accessible in a decarbonized way. The potential of the research is far-reaching 
beyond renewable energy technologies, as it can be applied to the wider field of 
nanotechnology.  

 
7.3 Future of Work 

The most immediate step in the research is the use of other NCs, FOGs, and 
TMOs. NCs also include fullerenes whose allotrope of single or double bonded carbon 
atoms can form fully or partially closed mesh of five to seven atoms fused rings with a 
hollow center in the shape of a tube, ellipsoid, sphere or etc. More specifically, the use of 
carbon nanotubes (graphene oxide in a tube shape) could significantly increase both 
surface area and catalytic performance. Another type of NCs could include highly 
oriented pyrolytic graphite (HOPG). HOPG is a form of highly ordered pure synthetic 
graphite, a periodical stack of two-dimensional (2D) graphene sheets long an axis. HOPG 
is preferred over natural graphite as the pyrolytic graphite is not only contains high 
purity, but the crystallographic orientation of the c-axes perpendicular to the surface is 
consistent, providing a well-defined carbon substrate for a systematic study of the 
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aforementioned catalysis of inorganic/carbon interfaces. Besides other NCs, other FOGs 
could be used such as sulfate, nitrate, ketones, aldehydes or etc. However, whenever 
using acid treatment to induce FOGs, the structural integrity of the NC (and TMOs) 
should be accounted for. Other TMOs should be used like other notorious ORR/OER-
inert TMOs or, more catalytically active TMOs. Also, instead of using a NC, one could 
use boron-based nanostructures or cobalt corrins.  

The principles illustrated by this research is that a catalyst components can be 
selected to achieve specific functional requirements. When fabricating said catalysts the 
influence of atomic density, facet, grain size and how these influencers are impacted by 
time/pressure/temperature, should be taken into account when combining any number of 
components. 

For the immediate future C-hG, the best sample, should be assembled as a 
regenerative fuel cell for initial electrochemical testing, long-term durability, and 
subjected to different gas and thermal environments to gauge their usability range. 
 




