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Summary 

On the transition away from fossil fuels towards a more sustainable economy 

electrocatalysis can play a crucial role. One example of this is the electrocatalytic 

hydrogenation of unsaturated organic molecules, which provides a route to store energy 

from renewable sources as fuels and chemicals. Additionally, the electrocatalytic 

hydrogenation has the potential to enable the use of biomass as a sustainable carbon 

feedstock, further reducing the need for fossil resources. For the ECH to become a real 

alternative, the development of new electrocatalysts is essential. 

The electrocatalytic hydrogenation generates the required hydrogen in-situ from the 

electrolyte, which makes catalysts in the hydrogen evolution reaction materials of interest 

in the electrocatalytic hydrogenation. Precious metals deliver a high activity, but their 

scarcity, high cost and tendency to catalyst poisoning makes them less desired in the 

electrocatalytic hydrogenation. As a result, transition metals and materials derived from 

them, like transition metal dichalkogenides are receiving increased attention. However, 

these materials come with different challenges, like corrosion in the conditions used for 

the ECH or low electric conductivity. Carbon and carbon based materials can be used to 

overcome some of these drawbacks and thereby allowing the effective use of these 

materials in the ECH. Carbon is chemically stable in a wide range of conditions, 

abundantly available and its chemistry can be tailored for specific applications. In 

electrocatalysis carbon can be used as a metal-free electrode material, as a catalyst support 

or for encapsulation. This thesis will explore all three of these applications. 

The opening section will give the motivation behind this work by looking at the current 

reliance of fossil resources today. From there,  the electrocatalytic hydrogenation will be 

introduced followed by a discussion of potential electrocatalytic materials based on non-

precious metals. The role of carbon in electrochemistry particularly in electrocatalytic 

application will be highlighted. The three use cases of carbon - metal-free electrodes, 

catalyst support and encapsulation - will be looked at, along with the use of model electrode 

systems. Finally, the aims of the thesis will be outlined. The second chapter looks at the 

materials and methods used and introduces the theory behind the main techniques of this 

work. 

The first result chapter, Chapter 3, focuses on the synthesis and characterisation of 

metal-free nitrogenated carbon films. For this, the synthesis procedure present in the group 
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was updated to ensure reliable synthesis of nitrogenated carbon films. The two step 

synthesis allowed control over the distribution of nitrogen sites and the graphitisation. The 

electrochemical performance of the nitrogenated films was investigated in the HER and 

the ECH. While only a poor activity was found, the results helped a better understanding 

of the ECH. 

In Chapter 4 the nitrogenated carbon films synthesised in the previous chapter were used 

as support for molybdenum disulfide, a material with promising activity in the HER. The 

heterostructures were synthesised via a CVD process using a close proximity 

“microreactor” setup. After the characterisation of the materials, the activity in the HER 

and ECH of the heterostructures was investigated. The heterostructures showed promising 

activity in the ECH, which can be the basis of future studies.  

Carbon encapsulation of copper was investigated in Chapter 5. Varying mass loadings of 

carbon were deposited on sputtered copper films. After a comprehensive characterisation 

the electrochemical activity of the films was investigated. And a negligible effect of the 

carbon was found for the HER, which was attributed to the microroughness of the copper 

film. While the electrocatalytic activity did not seem affected by the carbon, a positive 

effect on the selectivity towards benzyl alcohol was found. The cause for which could not 

be finally explained. 

In Chapter 6 the use of the carbon thin films as substrates in nano-electrochemistry 

measurements using scanning electrochemical cell microscopy (SECCM), which will be 

briefly introduced, will be shown. An extended characterisation of the carbon films will be 

shown. Two projects within the group will be used to show the potential of the carbon films 

in correlative electrochemistry of nanomaterials.  

To conclude the work, design principles derived from the results will be discussed together 

with general insights in the ECH and the role that carbon materials can play. After, that, 

promising future research directions will be discussed. 

  



vi 

 

Table of Contents 

Acknowledgments .............................................................................................................. ii 

Summary ............................................................................................................................ iv 

Table of Contents ............................................................................................................... vi 

List of Abbreviations .......................................................................................................... ix 

List of Figures .................................................................................................................... xi 

List of Tables ................................................................................................................. xviii 

1. Introduction ................................................................................................................. 1 

1.1. Global energy picture .......................................................................................... 2 

1.1.1. Increasing energy demand ........................................................................... 2 

1.1.2. Dependence and problems of fossil fuels .................................................... 3 

1.1.3. Fossil resources as raw material .................................................................. 4 

1.1.4. Expansion of renewable energy .................................................................. 5 

1.1.5. Electrochemistry for sustainability ............................................................. 7 

1.2. Biomass as sustainable carbon feedstock .......................................................... 11 

1.2.1. Biomass for energy applications ............................................................... 12 

1.2.2. Pyrolysis and bio-oil upgrading ................................................................ 13 

1.3. Electrocatalytic hydrogenation .......................................................................... 15 

1.3.1. General mechanism ................................................................................... 15 

1.3.2. Benzaldehyde as model compound ........................................................... 17 

1.3.3. Electrocatalysts for the ECH ..................................................................... 19 

1.3.4. Evaluation of catalyst materials ................................................................ 21 

1.4. Carbon-based electrocatalyst materials ............................................................. 23 

1.4.1. Different allotropes of carbon ................................................................... 23 

1.4.2. Graphitic carbon materials ........................................................................ 24 

1.4.3. Use of model electrode systems ................................................................ 32 

1.5. Aims of the thesis .............................................................................................. 34 



vii 

 

References ..................................................................................................................... 35 

2. Experimental methods and background ........................................................................ 47 

2.1. Materials ........................................................................................................... 48 

2.2. Thin film deposition .......................................................................................... 48 

2.2.1. Sample preparation ................................................................................... 48 

2.2.2. Physical vapour deposition ....................................................................... 49 

2.2.3. Chemical vapour deposition ..................................................................... 53 

2.3. Spectroscopic characterization ......................................................................... 54 

2.3.1. X-ray photoelectron spectroscopy ............................................................ 54 

2.3.2. Raman spectroscopy ................................................................................. 57 

2.3.3. Additional techniques ............................................................................... 61 

2.4. Electrochemical techniques .............................................................................. 63 

2.4.1. Electron transfer at the electrode-electrolyte interface ............................. 63 

2.4.2. Chrono amperometry ................................................................................ 67 

2.4.3. Potential Sweep Methods .......................................................................... 68 

2.5. Gas chromatography ......................................................................................... 69 

References ..................................................................................................................... 71 

3. Nitrogenated carbon thin films ..................................................................................... 74 

3.1. Introduction ....................................................................................................... 75 

3.2. Synthesis and characterisation .......................................................................... 76 

3.2.1. Carbon thin film deposition and characterisation ..................................... 76 

3.2.2. Annealing and Characterisation of nitrogenated carbon films ................. 79 

3.3. Hydrogen evolution reaction at N-carbons ....................................................... 87 

3.4. ECH on N-carbon ............................................................................................. 91 

3.4.1. Electrolysis under static conditions .......................................................... 93 

3.4.2. Electrolysis under forced convection ........................................................ 96 

3.5. Conclusion ........................................................................................................ 99 

References ................................................................................................................... 101 



viii 

 

4. MoS2 supported on N-carbon ...................................................................................... 103 

4.1. Introduction ..................................................................................................... 104 

4.2. Synthesis and characterisation ........................................................................ 105 

4.3. MoS2/N-carbon as electrocatalyst ................................................................... 111 

4.3.1. Hydrogen evolution reaction ................................................................... 111 

4.3.2. ECH of benzaldehyde on MoS2 on N-carbon ......................................... 116 

4.4. Conclusion ....................................................................................................... 124 

References ................................................................................................................... 126 

5. Carbon encapsulated copper ....................................................................................... 129 

5.1. Introduction ..................................................................................................... 130 

5.2. Deposition of CuXC films .............................................................................. 131 

5.3. Electrocatalytic activity ................................................................................... 140 

5.4. Conclusion ....................................................................................................... 149 

References ................................................................................................................... 150 

6. Carbon thin films for correlative nano-electrochemistry ............................................ 153 

6.1. Introduction ..................................................................................................... 154 

6.2. Experimental section ....................................................................................... 156 

6.3. Electrochemical and spectroscopic dispersion of carbon thin films ............... 158 

6.4. Raman-SECCM studies of anodic processes at 2D materials ......................... 162 

6.5. SXM-SECCM studies of capacitive processes at 2D materials ...................... 166 

6.6. Conclusion ....................................................................................................... 170 

References ................................................................................................................... 172 

7. Conclusions and future work ...................................................................................... 174 

7.1. Conclusions ..................................................................................................... 175 

7.2. Future work ..................................................................................................... 177 

References ................................................................................................................... 179 

Supplementary Information ............................................................................................ 180 

Presentations and Published Work .................................................................................. 188 



ix 

 

List of Abbreviations 

 a-C  Amorphous Carbon 

 AFM  Atomic Force Microscopy 

 BE  Binding Energy 

 CNT  Carbon Nano Tube 

 CO2RR  Carbon dioxide Reduction Reaction 

 CV  Cyclic Voltammetry 

 CVD  Chemical Vapour Deposition 

 DC  Direct Current 

 DLC  Diamond Like Carbon 

 ECH  Electrocatalytic Hydrogenation 

 EDS  Energy Dispersive X-ray Spectroscopy 

 FE  Faradaic Efficiency 

 FID  Flame Ionization Detector 

 GC  Glassy Carbon 

 HER  Hydrogen Evolution Reaction 

 HOPG  Highly Oriented Pyrolytic Graphite 

 IMFP  Inelastic Mean Free Path 

 ITO  Indium Tin Oxide 

 KE  Kinetic Energy 

 KF  Kleinflansch 

 KPI  Key Performance Indicator 

 LSV  Linear Sweep Voltammetry 

 M@C  Carbon Encapsulated Metal 

 MFC  Mass Flow Controller 

 MWCNT  Multiwalled Carbon Nano Tubes 

 NC  Nano Crystalline 

 N-GO  Nitrogen doped Graphene Oxide 

 NHE  Normal Hydrogen Electrode 

 OER  Oxygen Evolution Reaction 

 OOR  Organic Oxidation Reaction 

 ORR  Oxygen Reduction Reaction 

 PVD  Physical Vapour Deposition 



x 

 

 QRCE  Quasi-reference Counter Electrode 

 RHE  Reversible Hydrogen Electrode 

 RMS  Root Mean Square 

 RSF  Relative Sensitivity Factor 

 SECCM  Scanning Electrochemical Cell Microscopy 

 SEM  Scanning Electron Microscopy 

 SHE  Standard Hydrogen Electrode 

 STXM  Scanning Transmission X-Ray Microscopy 

 ta-C  Tetrahedral amorphous Carbon 

 TEM  Transmission Electron Microscopy 

 TEY  Total Electron Yield 

 TMDC  Transition Metal Dichalkogenides 

 TOF  Turn Over Frequency 

 UV  Ultraviolet  

 XPS  X-ray Photoelectron Spectroscopy 

 XRR  X-ray Reflectivity  

 

  



xi 

 

List of Figures 

Chapter I 

Figure 1.1 (a) Global primary energy consumption from 1970 to 2023. (b) Global primary 

energy consumption by energy source.2 

Figure 1.2 Production of Fossil fuels (a) Coal, (b) Oil and (c) Gas Of the major production 

nations per year.4  

Figure 1.3 Schematic of crude oil refining with typical fractions obtained.7, 8  

Figure 1.4 Schematic of processing from fossil resources to consumer products (not a 

complete list).9-11  

Figure 1.5 Electricity production by energy source globally from 1971 to 2019.12  

Figure 1.6 Schematic of a battery cell. 

Figure 1.7 Schematic of a water electrolyser. 

Figure 1.8 Volcano Plot showing the exchange current density in the HER as a function of 

the Gibbs free enthalpy of hydrogen adsorption. (Data taken from Nørskov et al.21). 

Figure 1.9 Scheme of generation of biomass through Photosynthesis and the chemical 

structure of cellulose, hemicellulose and the three main components of lignin. 

Figure 1.10 Selection of organic molecules generated during pyrolysis of lignocellulosic 

biomass, separated by starting polymer.52, 53  

Figure 1.11 ECH reactions of benzaldehyde resulting in the full hydrogenation product 

benzyl alcohol and the dimerization product hydrobenzoin. 

Figure 1.12 Chemical structure of (a) Diamond and (b) Graphite. (Adapted from Kobashi88 

and Bernal and Bragg89). 

Figure 1.13 Different carbon materials depending on sp2, sp3 and hydrogen content. 

Reworked from Ferrari and Robertson.104  

Figure 1.14 Nitrogen doped carbon lattice with graphitic (blue), pyridinic (red) and 

pyrrolic (green) nitrogen sites. 

Chapter II 

Figure 2.15 Schematic of a DC magnetron sputter chamber. 

Figure 2.2 Sputter chamber used for deposition of carbon and metal films. 

Figure 2.3 Schematic of the annealing furnace used for graphitisation of amorphous 

carbon films. 

Figure 2.4 Setup for E-beam evaporation. 

Figure 2.5 Typical reaction steps during CVD (1) gas phase reaction of the precursor (red) 

to the intermediate (blue), (2) Transport into the boundary layer and adsorption on the 



xii 

 

substrate, (3) surface reaction (4) surface diffusion and nucleation (film growth) and (5) 

desorption from the surface. 

Figure 2.6 Schematic of XPS setup with X-ray source, photoelectron emission,  analyser 

and a channeltron detector. 

Figure 2.7 Diagram of scattering modes observed in Raman spectroscopy. Bottom 

vibrational state has the lowest energy, and energy increases upwards.28  

Figure 2.8 Characteristic vibration modes of graphitic carbon. 

Figure 2.9 (a) Causes and effects of the main factors on the Raman spectra of  amorphous 

carbon materials. Reproduced from Ferrari and Robertson (b) Amorphization Trajectory 

showing the position of the G band and the I(D)/I(G) Ratio from graphite to tetrahedral 

amorphous carbon.37  

Figure 2.16 Representation of the Helmholtz, Gouy-Chapman and Stern model of the 

electrochemical double layer with their potential curves across the interface. (IHP: Inner 

Helmholtz Plane; OHP: Outer Helmholtz Plane). 

Figure 2.11 Effect of applied potential on the Fermi Level of an electrode and the resulting 

electron transfer process. 

Figure 2.12(a) Potential during a chrono amperometry experiment with (b) the resulting 

current response and (c) the concentration profiles in front of the electrode, for a diffusion 

coefficient of 1×10-5 cm2/s. 

Figure 2.13 Schematic of a gas chromatography system with an FID detector. 

Chapter III 

Figure 3.1  AFM images over a 1×1 μm2 area for (a) a-C (b) a-C:N-2. (z scale valid for all 

images). 

Figure 3.2 (a) XPS survey spectra, normalised to the intensity of the C 1s peak, of a C and 

a C:N-2. High resolution core level spectra with best fits of (b) C 1s of a-C film, (c) N 1s 

and (d) C 1s of  a-C:N-2 film. 

Figure 3.3 Annealing setup used in this work. Updated with Gas Filter, stainless steel KF 

and Swagelok fitting. 

Figure 3.4 AFM images over a 1×1 μm2 area for (a) an-C:NPyridinic (b) an-C:NGraphitic  and 

(c) an-C:NMixed. (z scale valid for all images). 

Figure 3.5 XPS survey spectra, normalised to the intensity of the C 1s peak, of annealed 

nitrogenated carbon films. 

Figure 3.6 Best fits obtained for the  C 1s core level spectra of  (a) an-C:NPyridinic, 

(c) an-C:NGraphitic, (e) an-C:NMixed and the N 1s core level spectra for (b) an-C:NPyridinic, 

(d) an-C:NGraphitic, (f) an-C:NMixed. Data amended from Nolan et al.16 

Figure 3.7 Raman spectra for (a) a-C as deposited and annealed and (b) a-C:N-2 as 

deposited and annealed 700°C and 900°C. Data amended from Nolan et al.16 



xiii 

 

Figure 3.8 Best fit obtained for Raman spectra for (a) an-C:NPyridinic, (b) an-C:NGraphitic 

and (c) an-C:NMixed. Data amended from Nolan et al.16 

Figure 3.9 (a) Linear sweep voltammetry at 2 mV/s on nitrogenated carbon discs in 

0.1 M H2SO4 and extracted (b) overpotential at 1 mA/cm2, (c) Tafel slope and (d) exchange 

current density. Error bars indicate standard deviations; results for polished GC discs are 

also shown for comparison. 

Figure 3.10 (a) Linear sweep voltammetry (2 mV/s) on nitrogenated carbon discs in 

0.1 M KOH and extracted (b) onset potential (η at 1 mA/cm2), (c) Tafel slope and 

(d) exchange current density. Error bars indicate standard deviations; results for polished 

GC discs are also shown for comparison. 

Figure 3.11 (a) Linear sweep voltammetry at 2 mV/s on nitrogenated carbon discs in 

0.1 M Na2SO4 and extracted (b) onset potential (η at -0.5 mA/cm2), (c) Tafel slope and 

(d) exchange current density. Error bars indicate standard deviations; results for polished 

GC discs are also shown for comparison.  

Figure 3.12 Linear sweep voltammetry at 2 mV/s in (a, c, e and g) 0.1 M H2SO4 and (b, d, 

f and h) 0.1 M Na2SO4 with (solid lines) and without (dashed lines) 10 mM benzaldehyde 

on  (a, b) GC, (c, d) an-C:NGraphitic (e, f) an-C:NPyridinic and (g, h) an-C:NMixed. Deposited on 

GC disc electrodes. 

Figure 3.13 Custom made electrolysis cell used in this work. 

Figure 3.14 (a) Representative chrono amperogram on a an-C:NGraphitic deposited on a 

glassy carbon plate electrode (Area = 1cm2) on of a 4 h electrolysis experiment in 

0.1 M H2SO4 with 10 mM benzaldehyde at -0.8 V vs. RHE in static electrolyte and (b) the 

resulting gas chromatogram before and after electrolysis. Inset shows a zoomed in version. 

Figure 3.15 (a) Selectivity towards benzyl alcohol obtained for the glassy carbon electrode 

and the nitrogenated carbons in 0.1 M H2SO4 at -0.8 V vs RHE and (b) in 0.1 M Na2SO4 

at -0.95 V vs RHE (c) The resulting faradaic efficiencies of organic reductions for the two 

products and the total organic reduction in 0.1 M H2SO4 and (d) 0.1 M Na2SO4. With 

10 mM benzaldehyde without stirring. Error bars indicate standard errors. 

Figure 3.16 Production rate for benzyl alcohol, hydrobenzoin and the total amount of 

reduced benzaldehyde after 4 h on glassy carbon and the nitrogenated carbons with 

10 mM benzaldehyde without stirring in (a) 0.1 M H2SO4 at -0.8 V vs. RHE and 

(b) 0.1 M Na2SO4 at -0.95 V vs. RHE. Error bars indicate standard errors. 

Figure 3.17 Chrono amperometry on an-C:NGraphitic in 0.1 M H2SO4 with 

20 mM benzaldehyde with 500 rpm stirring (solid line) and with 10 mM benzaldehyde 

without stirring (dashed line). 

Figure 3.18 Production rate for benzyl alcohol, hydrobenzoin and the total reduction rate 

of benzaldehyde after 0.5 h for electrolysis in 0.1 M H2SO4 with 20 mM benzaldehyde at 

500 rpm on (a) glassy carbon and (b) an-C:NGraphitic. Selectivity towards benzyl alcohol 

obtained at (c) GC and (d) an-C:NGraphitic electrodes. Faradaic efficiencies of organic 

reductions for each of the two products and for the total organic reduction at (e) GC and 

(f) an-C:NGraphitic. Error bars indicate standard errors. 

 

 



xiv 

 

Chapter IV 

Figure 4.1 Schematic of the close proximity setup used to grow MoS2.  

Figure 4.2 Image of MoS2 grown on an-C:NGraphitic on a GC plate (2×1 cm2) used for 

electrolysis. 

Figure 4.3 Optical microscopy of MoS2/an-C:NGraphitic in (a, b) bright field and (c) dark 

field. 

Figure 4.4 Average Raman spectra of a 40 × 40 μm area with 40 × 40 spectra obtained 

over this area of a MoS2/an-C:NGraphitic on a GC plate, with the characteristic signals for 

MoS2 (green) and carbon (grey) shown. 

Figure 4.5 (a) Optical image of MoS2/an-C:NGraphitic with the 40 × 40 μm area of the 

Raman scan shown in red. (b) Heat map of intensity maximum between 350 and 450 cm-1 

of the 40 × 40 spectra scanned over the area. 

Figure 4.6 XPS spectra for MoS2 supported by an-C:NGraphitic and an-C:NPyridinic on a silicon 

wafer. 

Figure 4.7 Best fits for the XPS spectra of the (a)(b) Mo 3d and (c)(d) S 2p core level for 

(a)(c) MoS2 on an-C:NGraphitic and (b)(d) MoS2 on an-C:NPyridinic. 

Figure 4.8 (a)  SEM image of MoS2/an-C:NGraphitic with InLens detector. (b) SEM image 

of the heterostructure peeled of a Si wafer. (c)(d) TEM images of the peeled of 

MoS2/an-C:NGraphitic. 

Figure 4.9 (a) Linear sweep voltammograms at 2 mV/s of MoS2 grown on an-C:NGraphitic 

and an-C:NPyridinic in 0.1 M H2SO4, and the obtained (b) overpotentials at 1 mA/cm2, (c) 

Tafel slopes and (d) exchange current densities. Adapted from Nolan et al.21  

Figure 4.10 (a) Linear sweep voltammograms (2mV/s) of MoS2 grown on an-C:NGraphitic 

and an-C:NPyridinic in 0.1 M KOH, and the obtained (b) Overpotentials for 1 mA/cm2, (c) 

Tafel slopes and (d) Exchange current densities. Adapted from Nolan et al.21  

Figure 4.11 Current response of linear sweep voltammetry (2 mV/s) om 0.1 M H2SO4 and 

Na2SO4 with (solid lines) and without (dashed lines) 10 mM benzaldehyde on MoS2/an-

C:NGraphitic heterostructures. 

Figure 4.12 (a, c) Reduction rates of benzaldehyde and (b, d) faradaic efficiencies after 

4 h electrolysis experiments at MoS2 grown on the nitrogenated carbon support with a 

concentration of  (a, b) 10 mM and (c, d) 20 mM benzaldehyde in 0.1 M H2SO4 

at -0.8 V vs Ag/AgCl without stirring. Error bars indicate standard errors. 

Figure 4.13 Results of electrolysis experiments using MoS2/an-C:NGraphitic. (a) Production 

rate for benzyl alcohol and hydrobenzoin, (b) selectivity towards benzyl alcohol, 

(c) reduction rate of benzaldehyde and (d) the faradaic efficiency in 0.1 M H2SO4 with 

10 mM benzaldehyde without stirring. 

Figure 4.14 Comparison of  (a) reduction rate (b) selectivity towards benzyl alcohol and 

(c) faradaic efficiency obtained for electrolysis on MoS2/an-C:NGraphitic with 10 and 

20 mM benzaldehyde in 0.1 M H2SO4 at -0.8 V vs Ag/AgCl without stirring. 



xv 

 

Figure 4.15 (a) Production rate (b) selectivity and (c) reduction rate and (d) faradaic 

efficiency for electrolysis on MoS2/an-C:NGraphitic with 500 rpm with 20 mM benzaldehyde 

in 0.1 M H2SO4. 

Figure 4.16 Representative cyclic voltammogram (2 mV/s) for the oxidation of MoS2 in 

0.1 M H2SO4. 

Figure 4.17 (a) production rate and (b) turn over frequency, normalised by the loading of 

MoS2. 

Chapter V 

Figure 5.1 Linear sweep voltammetry at 2 mV/s in 0.1 M H2SO4 on platinum, gold, copper 

and glassy carbon disc electrodes. 

Figure 5.2 SEM images of  (a)(d) a sputtered Cu film, (b)(e) a sputtered Cu with 8min 

carbon deposition and (c)(f) a sputtered Cu with 24min carbon deposition. 

Figure 5.3 AFM images obtained for (a) bare copper, (b) Cu8C, (c) Cu16C, (d) Cu24C 

and (e) Cu32C. (f) The obtained RMS roughness for each sample (error bar for deviation 

within film). 

Figure 5.4 X-ray reflectivity data and best fit obtained for an amorphous carbon film 

deposited for 40 min on a Si wafer. 

Figure 5.5 Raman spectra obtained for each point of a scanning Raman map with intensity 

maps of the G-band of (a, b) Cu4C, (c, d) Cu8C, (e, f) Cu16C, (g, h) Cu24C 

and (i, j) Cu32C. 

Figure 5.6 Raman spectra of sputtered Cu and CuXC samples normalised to maxima of 

G band. 

Figure 5.7 XPS survey spectrum of bare sputtered Cu. 

Figure 5.8 XPS core level of (a) Cu 2p and (b) O 1s of a bare sputtered  Cu film. 

Figure 5.9 XPS surveys of CuXC samples normalised to the intensity of the C 1s peak. 

Figure 5.10 High resolution spectra and best fits in the C 1s, O 1s and Cu 2p regions for 

(a, b, c) Cu4C, (d, e, f) Cu8C, (g, h, i) Cu16C, (j, k, l) Cu24C and (m, n, o) Cu32C.  

Figure 5.11 LSV at 2 mV/s in 0.1 M H2SO4 on a polished Cu disc and a sputtered Cu 

electrode. 

Figure 5.12 LSV at 2 mV/s in 0.1 M H2SO4 on sputtered CuXC electrodes. 

Figure 5.13 (a) Potential for 0.5 mA/cm2, (b) Tafel slope and (c) exchange current densities 

obtained for the HER on CuXC samples. 

Figure 5.14 (a) LSVs (2 mV/s) in 0.1 M H2SO4 on a polished copper disc electrode, a 

sputter copper film and an evaporated copper film and (b) the capacitance obtained for the 

films through CVs in the non-faradaic region. 

Figure 5.15 LSVs at 2 mV/s in 0.1 M H2SO4 on Sputtered CuXC (solid) and evaporated 

CuXC (dashed) films. 



xvi 

 

Figure 5.16 LSVs at 2 mV/s in 0.1 M H2SO4 with 20 mM benzaldehyde on (a) sputtered 

copper, (b) Cu4C, (c) Cu8C, (d) Cu16C, (e) Cu24C and (f) Cu32C. 

Figure 5.17 (a) Total reduction Rate of benzaldehyde and (b) total faradaic efficiency 

obtained for the electrolysis of CuXC samples. 

Figure 5.18 (a) Production rate of benzyl alcohol and hydrobenzoin and (b) the faradaic 

efficiency for the two products obtained for electrolysis on CuXC samples. 

Figure 5.19 Selectivity for all individual CuXC samples, with the mean (grey dashed line) 

and 95% confidence interval (blue dashed lines) for the bare copper response. 

Chapter VI 

Figure 6.1 Scheme of a scanning electrochemical cell microscopy (SECCM) 

measurement. 

Figure 6.2 (a) a-C films deposited on wafers before annealing (top) and after annealing 

with the non-optimized procedure (bottom), showing clear evidence of etching. (b) XPS 

survey scans of an-C prepared with the non-optimized (red) and optimized (black) 

annealing procedures. 

Figure 6.3 (a) Overlay of spectra obtained over a 33×33 point grid on an an-C:NGraphitic 

film. (b) Scatter plot of I(D)/I(G) of annealed carbon films and intensity maps for the 

I(D)/I(G) ratio for (c) an-C, (d) an-C:NGraphitic and (e) an-C:NPyridinic. Adapted from 

Brunet Cabré et al.12  

Figure 6.4 (a) Current response obtained for CVs on each of the points in the 5×5 grid at 

0.5 V/s on an-C film with 20 mM H2SO4. (b) Voltammograms of outer-sphere, 

Ru(NH3)6
3+/2+, and (c) Fe(CN)6

3-/4- redox probes on bare an-C, an-C:NGraphitic, and 

an-C:NPyridinic. Thin lines correspond to the CV for each of the 25 points probed in a grid; 

thick lines represent the mean response calculated for each substrate. All voltammograms 

were collected at 0.5 V/s with electrolyte of 4.0 mM Ru(NH3)6
3+ in 20 mM KCl, and 

1.0 mM Fe(CN)6
3- in 10 mM KCl, for A and B respectively. Data courtesy of Marc 

Brunet-Cabré.  Adapted from Brunet Cabré et al.12  

Figure 6.5 HER response on nitrogenated films (a) on disc electrodes in 0.1 M H2SO4 at 

2 mV/s and (b) on SECCM in 20 mM H2SO4 with 0.5 V/s. Panel (b) data courtesy of Marc 

Brunet Cabré, Adapted from Brunet Cabré et al.12  

Figure 6.6 (a) SEM image of probed N-GO flake on an-C substrate with SECCM residues 

on the flake highlighted. (b) Current response obtained in 15 mM VO2+ in 0.15 M H2SO4  

for LSVs at 50 mV/s over the SECCM grid shown in (a). (c) A histogram of current 

response at 0.95 V sorted by measured surface. Data courtesy of Maida Costa de Oliveira; 

adapted from de Oliveira et al.7  

Figure 6.7 (a) Optical image of SECCM grid on drop casted N-GO after Raman mapping 

showing the burning of the sample, (b) Optical image of drop casted N-GO on an-C with 

area used for Raman mapping. (c) Average Raman spectrum obtained for area highlighted 

in (b) Intensity maps of (d) Rayleigh peak, (e) D-band and (f) G-band. Adapted from de 

Oliveira et al.7 



xvii 

 

Figure 6.8 (a) Raman spectra obtained after subtraction of average substrate spectrum on 

spectra obtained on N-GO flakes. (b) Current at 0.95 V vs the lateral defect size calculated 

from the D/G ratio. Adapted from de Oliveira et al.7  

Figure 6.9 (a) SEM image of probed MXene flakes on an-C substrate with (b) the 

corresponding residue size. Histogram of droplet size determined on (b) the carbon 

substrate and (c) MXene flakes. (d) Characteristic capacitive response of a MXene flake 

and the carbon substrate in 20 mM HClO4 at 0.5 V/s and (e) the resulting histogram of 

capacitance sorted by probed point. Data courtesy of Marc Brunet-Cabré. Adapted from 

Brunet Cabré et al.9  

Figure 6.10 (a) Scheme of the SiNx windows used for STXM measurements with an-C 

film and MXenes. (b) Optical microscopy image of the SiNx aperture (blue) with the drop 

casted MXenes. (c) Bright field and (d) dark field image of the SECCM grid on the SiNx 

window and (e) SECCM residue visible using STXM on the O-Edge (530 eV) of a different 

grid. 

Figure 6.11 STXM image in (a) TEY and (b) Transmission mode at 463.5 eV. (c) TEY 

image at 463.5 eV with location of point scans and (d) the resulting spectra at the points 

shown in (c). 

Appendix 

Figure A.1 Temperature profiles and gases used for the annealing of an-C:NGraphitic, 

(b) an-C:NPyridinic and (c) an-C:NMixed. 

Figure A.2 SEM obtained in cross section for (a) an-C, (b) an-C:NGraphitic and 

(c) an-C:NPyridinic. 

Figure A.3 (a) XPS survey spectrum and (b) C1s high resolution spectra for an-C. 

Figure A.4  Best fit obtained for Raman spectra or (a) a-C and (b) a-C:N-2  

Figure A.5 Best fit obtained for Raman spectra of an-C. 

Figure A.6 Current response of chrono amperometry at -0.5 V vs Ag/AgCl in 

0.1 M H2SO4 with 20 mM benzaldehyde on a MoS2/an-C:NPyridinic electrode at different 

stirring speeds.  

Figure A.7 Peaks obtained from the gas chromatography for (a)ethyl acetate, 

(b) acetophenone, (c) benzaldehyde, (d) benzyl alcohol, (e) benzoic acid and 

(f) hydrobenzoin. 

Figure A.8 Calibration and extraction of (a, b) benzaldehyde and (c, d) benzyl alcohol. 

Figure A.9 Calibration of hydrobenzoin. 

Figure A.10 Calibration of (a) benzaldehyde, (b) benzyl alcohol, (c) benzoic acid and (d) 

hydrobenzoin using acetophenone as  an internal standard. 

Figure A.11 Hydrobenzoin peak obtained from (a) commercial source and (b) from 

electrolysis 

Figure A.12 Raman spectrum obtained for glassy carbon. 

Figure A.13 Current response of a LSV (2 mV/s) on a sputtered a-C film in 0.1 M H2SO4. 



xviii 

 

List of Tables 

Chapter I 

Table 1.1 Organic carbonyl compounds used in literature for electrocatalytic 

hydrogenation studies. 

Chapter III 
Table 3.1 Atomic composition of the as deposited films obtained from core level spectra. 

Table 3.2 Nomenclature used for the carbon films in this work, together with their 

deposition and annealing conditions. 

Table 3.3 Thickness and Roughness values obtained from AFM of the carbon films after 

different annealing procedures. 

Table 3.4 Atomic composition (in atomic %) obtained from core level spectra for 

nitrogenated carbon films. 

Table 3.5 Obtained information from best fits of XPS core level spectra, for the annealed 

nitrogenated carbon films. 

Table 3.6 I(D)/I(G) ratios obtained from the best fits of the Raman spectra of the 

(nitrogenated) carbon films. 

Chapter IV 

Table 4.1 Atomic composition of MoS2 grown on an-C:NGraphitic and an-C:NPyridinic. 

Table 4.2 Percentage of MoS2 and ratio of S:Mo obtained for MoS2 grown on the two 

nitrogenated carbons. 

Table 4.3 Comparison of onset potential, Tafel slope and exchange current density for the 

HER in acidic conditions on MoS2 materials reported in literature. 

Table 4.4 Comparison of MoS2 mass loading reported in literature with this work. 

Chapter V 

Table 5.1 Mass coverage and RMS obtained from XRR and AFM 

Table 5.2 Atomic composition obtained from XPS high resolution core level spectra. 

Table 5.3 Contribution of sp2 carbon and ratio of O:Cu derived from XPS analysis. 

Table 5.4 Comparison of overpotential, Tafel slope and exchange current density obtained 

on sputtered Cu, evaporated Cu and a Cu disc electrode 



 

 

 

Chapter I 
 

1. Introduction 

 

 

This chapter will introduce the motivation behind this thesis, by looking at the global use 

of fossil resources and the challenges associated with replacing them. Electrochemical 

methods and their use in sustainable technologies will be introduced followed by 

electrocatalytic hydrogenation as a promising technology. Subsequently, the discussion 

will review the rationale for novel catalyst materials and the different roles that carbon 

materials can play in electrocatalysis will be highlighted. Finally, the aims of the thesis 

will be discussed in the context of the above discussion. 
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1.1. Global energy picture 

1.1.1. Increasing energy demand 

The global demand for energy is continuously rising. There are several factors contributing 

to this increased demand. Developing countries needing more energy to power their 

economic growth, new technologies, like artificial intelligence requiring large amounts of 

electricity and a growing population, 10.4 billion people expected by the end of the 

century, according to the UN,1 are some of the reasons for this. This can be seen in the 

development of the primary energy production (shown in Figure 1a), which increased from 

57000 TWh in 1970 to 172000 TWh in 2023. This primary energy, the unprocessed input 

into the energy system, is and has been largely supplied by fossil resources, with over 90% 

supplied by oil, gas and coal, as shown in Figure 1b. Until 2023 the percentage of fossil 

resources has decreased to just above 80%, but due to the increasing energy demand, the 

total amount still increased. Since the 2010s contributions of renewable energy sources 

like wind and solar energy started to increase. A similar trend is seen for biofuels, with an 

almost tenfold increase from 2000 to 2023. 

 

Figure 1.1 (a) Global primary energy consumption from 1970 to 2023. (b) Global primary 

energy consumption by energy source.2 

 

The energy picture gets more complex, looking not just at the primary energy sources, but 

also at the use of the energy. There are generally three main sectors of energy use, transport, 

residential and industrial. In 2022 in the European Union the use of primary energy in these 

sectors was 31%, 27% and 25%, respectively.3 The form energy used is not the same for 

the different sectors. In transport, most of the energy comes from gasoline and diesel, used 

to power cars and trucks. In contrast, households use energy mainly in the form of 



Global energy picture 

3 

 

electricity, with some fossils used for heating applications. Industry does use fossil 

resources to generate heat and supply the energy needed for the different processes. 

Industry does also require fossil fuels as a reactant and carbon feedstock in the 

petrochemical industry. This diverse use of energy makes the shift away from fossil fuels 

a challenging task, as a universal solution will be hard to find, and individual solutions are 

needed for each use. The next section explores the reasons why turning away from fossil 

fuels is needed. 

 

1.1.2. Dependence and problems of fossil fuels 

Fossil resources have been the fuel for industrialisation and are the basis for the standard 

of living we have. Over the last years the problems associated with the excessive use and 

the dependence of fossil fuels have become obvious. Industries and societies need a 

constant supply of fossil fuels to cover the energy demand. As the fossil resources are 

globally not evenly distributed, some countries will benefit from this dependence. Figure 2 

shows the production of fossil fuels in the major production nations over the years. 

European countries, other than Norway, are reliant on imports of fossil fuels, which can 

lead to potential conflicts between political and economic goals, as dependence on imports 

make countries susceptible to political pressure from suppliers. 

 

Figure 1.2 Production of Fossil fuels (a) Coal, (b) Oil and (c) Gas Of the major production 

nations per year.4 

 

The challenges linked to the use of fossil fuel are not just political. Emissions from 

combustion of fossil fuels in form of CO2 and other greenhouse gases have been recognized 

as a main contributor of climate change, leading to more extreme weather events and 

higher temperatures around the globe.  

Emissions do not just affect the climate and the environment, but also the population. 

Exposure to emissions, for example of vehicles, can have adverse health effects. Air 
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pollution, through particulates, fumes and other combustion products have been found to 

cause asthma, cardiovascular diseases, lung cancer and more. Exposure to emission from 

combustion of fossil fuels can have a negative impact on every organ in the human body.5 

These reasons highlight the need to find alternative sources of energy, to allow for healthy 

and peaceful societies in the future. 

 

1.1.3. Fossil resources as raw material 

The use of fossil fuels is not limited to energy applications. Fossil resources are also a raw 

material and carbon feedstock for a variety of chemicals used in everyday life. This 

includes reagents for medication and food additives, starting materials for polymers as well 

as dyes, lubricants and resins.6 The processing of crude oil to an end product involves 

multiple steps. In a first step the crude oil is separated in its fractions.7 A scheme of this is 

shown in Figure 1.3. In the refinery, the fractions are separated by their boiling point, 

resulting in mixtures of hydrocarbons with a similar carbon content. This ranges from short 

chained gaseous products, like methane or butane, to the solid residue bitumen and asphalt. 

In this refining process the typical transportation fuels like gasoline, kerosene and diesel 

are obtained, too.   

 

Figure 1.3 Schematic of crude oil refining with typical fractions obtained.7, 8  

 

For petrochemical products, naphtha and the short chain hydrocarbons, like methane, 

propane and ethane are of high interest. The fractions are separated, and their individual 

components extracted. Through different chemical processes, these feedstocks are 
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transformed and turned into base chemicals and further processed into chemical 

intermediates and final products, used for a variety of applications, with about 95% of 

manufactured goods relying on or containing petrochemical products.9 Figure 1.4 shows a 

flow diagram of the processing of fossil resources to the end products. This diagram is not 

a complete list, but rather used to highlight the variety and the omnipresence of 

petrochemical derived products nowadays. The processes employed to convert the feed to 

chemicals are often carried out under high pressure and high temperatures. This energy 

input is often achieved through fossil fuels, making them not just a source of energy but 

also a raw material for petrochemical reactions. 

 

Figure 1.4 Schematic of processing from fossil resources to consumer products (not a 

complete list).9-11 

 

This shows that fossil resources are not just an important energy source but also a huge 

carbon feedstock of raw materials. In 2022 in the European Union, 3286 PJ of fossil fuels 

were used as raw materials.3 To replace fossil fuels both a sustainable source of energy and 

a sustainable carbon feedstock will be needed. 

 

1.1.4. Expansion of renewable energy 

Fossil resources are still the main source of electricity around the globe,12 with coal being 

the most important, as seen in Figure 1.5. Oil plays only a small role when it comes to 

electricity generation, with a contribution of around 3%. Natural gas is still increasing in 

importance for electricity generation, as it is seen as a transition technology away from oil 

and coal, as it offers higher efficiency. Renewable energy sources, relatively constant from 
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1970 to 2000, started to increase, contributing to around 27% of all electricity produced 

globally in 2019. In the EU, the contribution of renewables is even higher. 

Renewables include hydro, solar, wind and biofuels and waste. While renewable energy 

sources are needed for the transition away from fossil fuels, they bring their own challenges 

that need to be overcome. Efficient power generation by solar power needs shining of the 

sun. This includes not just fluctuations during day and night, but also over the course of 

the year. In addition, geographic limitations are also to be considered. The sun must 

irradiate in the right angle to allow efficient power generation. This makes regions in the 

global north and in the global south (ca. above and below 60°), undesirable for solar 

electricity generation.13, 14 For wind energy, areas of sufficient wind are needed. This often 

requires the addition of power transmission over long distances, requiring an expansion of 

the power grid. 

 

Figure 1.5 Electricity production by energy source globally from 1971 to 2019.12 

 

These limitations are made more complex by the need of acceptance within society, as in 

many cases e.g. civil resistance against wind parks is encountered. Expanding hydro power 

is often associated with interference with natural ecosystems and while many new concepts 

to expand hydro power with limited interference are explored, challenges will remain. 

In the case of wind and solar power, and to a lesser extent in hydro power, generation of 

electricity is dependent on external influences. As mentioned above, solar power 

generation fluctuates during the day and depends on the presence of clouds. Wind is not a 

constant stream, and power shortfalls due to windless days or weak winds must be 

mitigated too. Hydropower is less exposed to short term fluctuations, but even water levels 

in reservoirs can decrease in periods of drought, limiting the potential for power 

generation. These limitations can be overcome with investment and engineering, but fossil 

fuels are used for more than just energy generation. 
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1.1.5. Electrochemistry for sustainability 

For many applications electrochemistry could become the key to harvest the full potential 

of renewable energy sources. Electrochemical methods can be used for energy storage and 

conversion and be adapted to specific applications. In general, electrochemistry is focused 

on the interplay between chemical reactions and an external electrical potential.  

 

1.1.5.1. Energy storage for renewable energies 

Batteries are a widely used technology for electrochemical energy storage. In a battery, 

electrons are stored in the anode during charging, depleting the cathode of electrons, 

generating a potential difference between them. During discharge, electrons flow from the 

anode to the cathode, freeing positive ions to be transported through the electrolyte and a 

separator towards the cathode, where they react with the electrons (Figure 1.6).15 Through 

different cell chemistries and sizes, batteries can be used to power small devices, like 

mobile phones or laptops, or be used for large scale storage for electrical grid applications.  

Batteries are a well-established technology, that have been used since the 19th century. 

Many different cell chemistries have been explored and used over the decades and, today, 

Li-ion batteries are often used for a wide range of devices. Through the expansion of 

electric vehicles, based on batteries, they can help to replace fossil fuels in the transport 

sector, if electricity is generated in a renewable way. They can also be used for grid storage, 

where they store excess energy from wind and solar and feed it back into the grid on 

demand. 

 

Figure 1.6 Schematic of a battery cell. 
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The potential of batteries in a sustainable future cannot be denied, there are however 

limitations to their use. In aviation, weight is a crucial factor: the energy density of today’s 

batteries is below 1 MJ/kg16 i.e. less competitive than gasoline or kerosene which have 

energy density of around 45 MJ/kg.17 Even accounting for the relatively low efficiency of 

internal combustion engines of 40%,18, 19 the energy density of typical batteries remain 

inferior to what is achievable with conventional fuels. A realistic look at aviation without 

the need for kerosene from fossil sources requires so called sustainable aviation fuels. This 

shows that batteries, while useful and irreplaceable in various applications, will not be able 

to replace fossil sources by themselves; they are rather, one of the components that will 

help to replace fossil fuels and will need to be integrated with other technologies. 

 

1.1.5.2. Energy conversion 

Energy conversion is another route for applying electrochemical solutions towards a 

sustainable future. The electrical energy is not stored as electrical energy, as it is the case 

for batteries, but the energy is converted into chemical energy. These chemicals can then 

be fed into the existing infrastructure, either as fuel or as chemicals. 

Water electrolysis for the generation of hydrogen is one of these technologies. A scheme 

of an electrolyser is shown in Figure 1.7. The hydrogen can then be used for internal 

combustion, as a reagent for chemical reactions or for electricity generation in a fuel cell. 

In general, the generation of hydrogen is the main goal in water electrolysis, and oxygen 

is seen as a side product. Hydrogen, generated through renewable sources, is seen as an 

essential chemical and fuel for a sustainable future. 

 

Figure 1.7 Schematic of a water electrolyser. 
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The hydrogen evolution reaction (HER) is occurring at the cathode of an electrolyser and 

is a well-studied reaction.20-22 In acidic media the HER follows multiple steps. In a first 

step adsorbed hydrogen, Hads, is formed at the electrode, by reaction of a proton with an 

electron. This is called the Volmer step (1). The adsorbed hydrogen can either react with a 

second adsorbed hydrogen in the so called Tafel step (2), or with another proton from 

solution in the Heyrovsky step (3). The chemical equations of this are shown below. 

 

 H3O+ + e− → Hads (1.1) 

 2 Hads → H2 (1.2) 

 Hads + H3O+ + e− → H2 + H2O (1.3) 

 

Catalyst materials are needed for the HER to take place with high voltage efficiency. A 

catalyst for the HER needs to be able to activate and bind adsorbed hydrogen. However, 

there needs to be a balance so as not to bind the hydrogen too strongly to allow for 

evolution of hydrogen gas as a product. A graphical representation of that is given in the 

volcano plot, graphing the exchange current densities of different materials against the free 

enthalpy of hydrogen adsorption. This was first proposed by Trasatti who used 

experimental data on the HER to illustrate the relationship.22 Nørskov et al. then replaced 

the metal hydride bond strength on the x-axis with the Gibbs free enthalpy of hydrogen 

adsorption obtained from computational results, ΔGH*.21 This is shown below. Platinum 

gives the highest exchange current densities with an optimal strength of hydrogen 

adsorption that is close to zero. Thus, Pt is the state-of-the--art electrocatalyst in the HER 

and fuel cell applications. 

 

Figure 1.8 Volcano Plot showing the exchange current density in the HER as a function of 

the Gibbs free enthalpy of hydrogen adsorption. (Data taken from Nørskov et al.21). 
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The anodic reaction in water electrolysis is the oxygen evolution reaction (OER). As the 

oxygen is produced at the electrode, hydronium ions (or water in alkaline media) are 

generated which are transported to the cathode to sustain the HER. As is the case for the 

HER, the OER requires catalyst materials, with the best performing materials today being 

iridium oxide and ruthenium oxide.23-25 The chemical equations for acidic (1.4) and 

alkaline(1.5) OER are shown below.  

 

2 H2O → 4 H+ + 4e− + O2 (1.4) 

4 OH− → 2 H2O + 4 e− + O2 (1.5) 

 

The OER has a thermodynamic potential of 1.23 V vs. RHE.26 This means, that for water 

electrolysis a voltage of at least 1.23 V is required. However, the overpotentials, the actual 

potential needed to run these reactions, associated with this reaction significantly increases 

the voltage required for water electrolysis. The oxygen produced via the electrocatalytic 

process is often seen as only a side product, therefore this high voltage is a challenge when 

it comes to the energy efficiency of hydrogen production. Electrooxidation of organic 

molecules in organic oxidation reactions (OOR) have been proposed to replace the OER 

to potentially lower the required voltage of electrolysis.27, 28 This has the added benefit of 

obtaining a chemical products that can be used in industrial applications at the anode side. 

Here, an organic compound is oxidised at the anode, often with a lower thermodynamic 

potential compared to the OER. This can lower the energy demand to produce hydrogen 

as well as producing chemical products at the anode. 

Hydrogen is not the only product that can be generated at the cathode of an electrolyser. 

Different electroreductions have been proposed to render electrochemical energy 

conversions economically competitive. Examples are the reduction of alkynes to alkanes 

and alkenes;29 or the hydrogenation of aldehydes and ketones to alcohols,30 as discussed 

below. The reduction of CO2 (CO2RR) to methane, ethylene or ethanol is another 

technology often proposed and investigated.31 This technology is taking CO2, removing it 

from the atmosphere or straight from a point source and turns it into chemicals and fuels. 

One of the challenges of CO2RR is the supply of CO2, as the content in the atmosphere is 

too low for efficient reactions. This brings the need of CO2 capturing at the source of the 

generation.32 Another way to overcome this problem is by letting nature capture the CO2 

and then use the generated biomass and subsequently use the biomass as a carbon feed. 
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Viable electrochemical conversions could replace a variety of petrochemical processes. As 

this means that it is possible to run them on a smaller scale compared to typical 

petrochemical reactions, the conversions can be operated at the source of the raw material 

and/or in a decentralized manner. This can not only lower the energy demand of 

conversions, but also allow to introduce biomass as a sustainable carbon feedstock. The 

high cost of transport currently makes the conversion of biomass derived chemicals not 

feasible or cost-effective and, as a result, waste biomass is generally only burned and used 

for thermal energy production. The next section looks as biomass as a sustainable carbon 

feedstock and how biomass can be used for electrochemical conversions. 

 

1.2. Biomass as sustainable carbon feedstock 

Biomass is renewable organic material from plants and animals. This includes wood and 

wood waste, Agricultural crops and waste, municipal waste and animal manure.33 In 

general biomass is directly or indirectly a product of photosynthesis. Most plant based 

biomass contains, to some degree, intertwined structures of cellulose, hemicellulose and 

lignin.34 

 

 

Figure 1.9 Scheme of generation of biomass through Photosynthesis and the chemical 

structure of cellulose, hemicellulose and the three main components of lignin. 
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Biomass is the only alternative to fossil oil as a source for carbon based chemicals and 

fuels.35 The use of biomass for energy applications is not a new idea, as even the burning 

of wood falls under this category. In 2023 biomass contributed about 5% to the total 

primary energy consumption in the United States of America.36 

 

1.2.1. Biomass for energy applications 

There are two main ways of employing biomass:36, 37 one is the direct combustion of 

biomass for heat production, and the second is the conversion of the biomass for production 

of solid, liquid and gaseous fuels. These conversions can be carried out using biological, 

chemical or thermochemical methods. Biological conversion includes the production of 

bioethanol and bio methanol through fermentation and anaerobic digestion. Bioethanol is 

already widely used as a biofuel, with unleaded fuel containing up to 10% bioethanol, for 

example in Europe, the USA and Australia. The production of bioethanol is mainly based 

on starch and sugar containing crops, especially corn and sugar beets. If agricultural land 

is used to produce fuels, conflicts between energy and food production could arise, 

therefore there is much interest in finding novel processes for cost-effective production 

from alternative crops or biomass sources. Fermentation can be carried out using cellulose 

and hemicellulose-based feeds;38 however in this case a pretreatment of the biomass is 

needed to hydrolyse the biopolymers into glucose monomers, which can then be 

fermented. The fermentation occurs as shown in the equation below. 

 

 C6H12O6 → 2C2H5OH + 2CO2 (1.6) 

 

A significant drawback of fermentation processes is that, as only cellulose and 

hemicellulose can be fermented, the lignin, i.e. a significant portion of the biomass, cannot 

be utilised or exploited. In addition to this, the fermentation of one molecule of glucose 

produces two molecules of ethanol and two molecules of carbon dioxide. When looking at 

bioethanol as a carbon feedstock for chemicals, a loss of a third of the carbon content to 

CO2 as a side product is highly undesirable. Biodiesel is a biofuel produced from chemical 

conversion of biomass through transesterification of vegetable oils and other fats and 

greases into fatty acid methyl esters.39 This biodiesel can be used directly to replace 

conventional diesel fuel.  
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In the Billion Ton Report 201640 the US DoE looked at the potential of biomass for fuel 

production. The authors reported a potential between 1.2 and 1.5 billion dry tons of 

biomass in the USA by 2040 which, under the assumptions of the report (80 gallons of 

biofuel per dry ton of biomass), would yield 96-120 billion gallons (363 to 454 billion 

litres) of biofuel. In comparison, in 2023 the USA consumed about 140 billion gallons (530 

billion litres) of gasoline, a number which is expected to further increase in coming years.41 

Bioethanol has energy density of about 23.6 MJ/L (29.9 MJ/kg), i.e. a lower energy content 

compared to the 34.7 MJ/L (46.7 MJ/kg) of conventional gasoline.42 Thus, the energy 

delivered of biofuel under these assumptions is estimated to be about 10.7 EJ in the most 

optimistic scenario, which is well short of the about 18.4 EJ used in 2023. In the Billion 

Ton Report 2023 the authors reported however that the US could supply enough biomass 

in a sustainable way to fuel their aviation needs with sustainable fuels.43 

The picture drawn by these predictions, shows that the existing technologies are not 

sufficient for utilizing biomass in a sustainable economy. This highlights the need for new 

approaches to biomass processing/valorisation, as for example through thermo-chemical 

conversion, which is the combination of a pyrolysis step with a chemical treatment step. 

This can be used to produce solid, liquid and gaseous fuels, utilizing not only cellulose and 

hemicellulose but also lignin. Especially as Lignin contains almost 40% of the energy 

stored within biomass, while only contributing to 10 – 25% of the mass.35 Electrochemical 

processing offers an alternative route to the chemical treatment of biomass to produce 

chemicals and fuels.44   

 

1.2.2. Pyrolysis and bio-oil upgrading 

Pyrolysis is the thermochemical conversion of biomass under reduced oxygen atmosphere. 

The process yields solid, gaseous and liquid products. The solid fraction is called bio-char 

and is a carbon rich solid. As it is highly porous, it finds application as adsorbent or as 

support material in electrochemical applications.45 The gaseous fraction, the biogas, 

contains CO2, CO, methane and different short chain hydrocarbons;46 these can be 

separated and then introduced into the natural gas stream.  

The char and the combustible components of the biogas can also be used to generate the 

heat required for the pyrolysis process. Bio-oil is formed upon condensation of the vapour 

phase; this phase can be used for direct heating and electricity generation or used for 
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upgrading to fuels and chemicals. The distribution of the three fractions, and their 

composition is dependent on the biomass feed as well as on the pyrolysis process. Scott 

and Piskorz investigated the distribution of the different fractions depending on the 

temperature of pyrolysis.47 They reported that the highest percentage of bio-oil is obtained 

at an optimum temperature of 500°C. 

Bio-oil is a complex mixture of oxygenated hydrocarbons and a significant amount of 

water. As the biomass all consists to some degree of the three biopolymers, certain 

compounds are generally found in bio-oil.48, 49 A selection of these compounds is shown in 

Figure 1.10. These compounds are different aromatic alcohols and aldehydes, as well as 

different oxygenated compounds. The wide range of organic compounds found in bio-oil 

- over 300 in the bio-oil from the pyrolysis of wood - show the potential it holds as a 

sustainable carbon feedstock for transportation fuels and chemicals.50, 51  

 

 

Figure 1.10 Selection of organic molecules generated during pyrolysis of lignocellulosic 

biomass, separated by starting polymer.52, 53 

 

Bio-oil is not stable and is prone to aging, making it challenging to store, transport and 

utilize.54 This ageing is caused by a variety of reactions, like polymerization, esterification, 

dimerization, hydration, and others. Such processes can lead to phase separation, change 

in carbonyl content, higher water content and an increase in viscosity.55, 56 Many of the 
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reactions responsible for aging occur through carbonyl groups, like aldehydes.57 Through 

hydrogenation of these aldehydes, the bio-oil can be stabilized for storage and 

transportation. Different routes for stabilising and upgrading biomass have been proposed, 

from deoxygenation to polymerisation. One promising route is the hydrogenation of 

oxygenated compounds. This can be used to stabilise the bio-oil, increase the heating value 

or in general be used for the synthesis of chemicals and fuels. 

 

1.3. Electrocatalytic hydrogenation 

1.3.1. General mechanism 

Conventional hydrogenation reactions are widely used in the chemical industry. They do 

require high pressure, high temperature and a supply of pure hydrogen. In addition to the 

high energy demands associated with these operational conditions, these reactions are 

usually only viable in large scale plants located in the proximity of oil refineries. The 

transportation costs required with bringing biomass to these centralized locations make 

standard hydrogenation processes incompatible with sustainable use of biomass. 

Electrocatalytic hydrogenation (ECH) is an alternative to conventional hydrogenation, 

with the potential to significantly reduce energy requirements. In the ECH, hydrogen is 

generated in-situ at the electrode, thus reducing the energy demands of thermal activation 

of H2 and the need for external hydrogen inputs altogether.58 ECH is carried out at moderate 

conditions and in aqueous media; this lowers the required energy input as well as the 

demands on reactor design and performance. The driving force behind ECH is an 

externally applied potential, which can be achieved using renewable electricity. Variations 

in the applied potential can in principle moderate the activity and selectivity of the reaction, 

allowing flexibility in the hydrogenation process. 

The first step of the ECH is the generation of adsorbed hydrogen at the electrode surface 

(1.7),59 which is identical to the Volmer step of the HER, placing the HER in competition 

with the ECH. The adsorbed hydrogen reacts then with the unsaturated organic adsorbed 

on the electrode to form the hydrogenated product (1.9). In addition to this, hydrogenolysis 

can occur as well (1.11). The hydrogenation of the organic follows the same steps as in 

conventional heterogenous catalysis, with the big different that the activated hydrogen is 

produced in situ from water and not from the breaking of a hydrogen molecule. The 

chemical equations for the ECH of an unsaturated compound can be written as follows: 
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 𝐻3O+ + e− → H𝑎𝑑𝑠 (1.7) 

 𝑌 = 𝑍 →  (Y = Z)ads (1.8) 

 (Y = Z)ads + 2H𝑎𝑑𝑠 → (HY − ZH)𝑎𝑑𝑠 (1.9) 

 (𝐻Y − ZH)ads + 2H𝑎𝑑𝑠 → HY − ZH (1.10) 

 (HY − ZH)ads + 2H𝑎𝑑𝑠 → YH2 + ZH2 (1.11) 

 

The ECH can be used on a variety of functionalities, carbon-carbon double and triple 

bonds, aldehydes, ketones and even nitro groups.60 Carbonyl groups are of high interest in 

the upgrading of biomass:35 they are at the origin of several bio-oil ageing reactions and 

are also important intermediates for the synthesis of many high-value chemicals. Some 

carbonyl compounds used for studies of electrocatalytic hydrogenation are shown in 

Table 1.1. 

 

 

Table 1.5 Organic carbonyl compounds used in literature for electrocatalytic 

hydrogenation studies. 

Functional Group Product Reference 

 

Benzaldehyde 

 

Benzyl Alcohol 

61-63 

 

Acetophenone 

 

1-Phenyl-ethanol 

64, 65 

 

Furfural 

 

Furfuryl Alcohol 

66 

 

Heptanal 

 

Heptanol 
66 

 

Benzophenone 

 

Diphenylmethanol 

64 
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Cyclohexane 

carboxaldehyde 

 

Cyclohexyl 

methanol 

66 

 

Hydroxy acetone 

 

Propylene glycol 

67 

 

Pentanal 

 

Pentanol 
68 

 

1.3.2. Benzaldehyde as model compound 

Due to the complex nature of real bio-oil, the investigation of hydrogenation processes can 

be challenging. For this reason, many studies investigating the catalytic performance of 

hydrogenation processes, use diagnostic compounds such as benzaldehyde and furfural to 

provide a mechanistic understanding and for optimisation purposes. Benzaldehyde is the 

simplest aromatic aldehyde, with only one carbonyl group that can be hydrogenated to the 

corresponding alcohol. It is also relatively soluble when compared to other aromatic 

compounds, thus making it a good model organic substrate for the fundamental study of 

catalytic hydrogenations.  

In the case of benzaldehyde, the ECH occurs through two consecutive additions of 

adsorbed hydrogen at the electrode, yielding benzyl alcohol.  The intermediate, the ketyl 

radical of benzaldehyde can undergo a combination with a second radical, yielding 

hydrobenzoin, as shown in the reaction pathways in Figure 1.11. The presence of the two 

products shows the importance of understanding the process of the reaction, to obtain, if 

possible, a high selectivity towards one of the products.  
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Figure 1.11 ECH reactions of benzaldehyde resulting in the full hydrogenation product 

benzyl alcohol and the dimerization product hydrobenzoin. 

 

Different studies have been performed, to understand what conditions lead to dimerization 

and which lead to full hydrogenation of the aldehyde. Cantu et al. investigated the ECH 

mechanism of aliphatic and aromatic aldehydes on different catalyst materials.68 They 

proposed different possible routes via which hydrogenation can take place. A first pathway 

involved reaction of an adsorbed hydrogen with the adsorbed organic as previously 

described; the authors called this a concerted hydrogenation. In contrast to this, the 

sequential hydrogenation pathway is proposed, where the organic is first reduced by 

addition of an electron before protonation takes place. What the authors found was that the 

preferred pathway is expected to change with applied potential, with the sequential 

electron-proton addition becoming more favourable at more cathodic potentials. This 

reaction mechanism has been previously reported by Chan-Shing et al. where the authors 

called the addition of an adsorbed hydrogen the ECH, and the sequential electron-proton 

addition an electronation-protonation reaction.69 Andrews et al. found that the 

hydrogenation of benzaldehyde at more cathodic potentials leads to increased formation 

of the dimerization product, especially on non-precious metals.70 This increased 

production of hydrobenzoin can be explained by the change in reaction mechanism, where 

an increased production of ketyl radical leads to faster rates of dimerization. The effect of 

applied potential on the ECH of benzaldehyde has been investigated by Lopez-Ruiz et al.61 

at varying potentials; their work proposes that changes in surface coverage of 

benzaldehyde and hydrogen are the reason for changes in observed reaction orders. The 

fact that base metals lead to production of dimerization products, and precious metals do 

not, has been investigated by Anibal et al.71 In their work, the authors investigated the ECH 
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of benzaldehyde on different metals and proposed that benzaldehyde undergoes 

decarbonylation reactions on Pt. This in turn leads to CO poisoning of the catalyst surface 

and consequent lower rates of dimerization. All these studies show that the reaction 

conditions of the ECH, namely pH, applied potential, concentration of organic, to name a 

few are important for careful control over product distribution/selectivity. 

In addition to the reaction conditions, the choice of electrocatalyst material is important 

for the performance of the ECH. Especially, as in addition to the dimerization, the HER is 

the other main competing reaction. This is due to the fact, that the ECH at low 

overpotentials requires adsorbed hydrogen to be present at the surface, which can also lead 

to the evolution of hydrogen through the HER. This is often unwanted in the ECH, as it 

lowers the faradaic efficiency. The competition with the HER, and especially the 

requirement of adsorbed hydrogen can however be used to design catalyst materials for the 

ECH, by screening materials used in other electrocatalytic applications and especially the 

HER.72  

 

1.3.3. Electrocatalysts for the ECH 

In many cases of electrocatalysis, precious metals give the best performance, and 

e.g. platinum is the state-of-the-art catalysts for the HER.20 In the ECH, palladium and 

other precious metals have been reported to have excellent activity.63, 66 Nonetheless, while 

the activity of precious metals is almost unrivalled by other materials, they do suffer from 

serious drawbacks. Precious metals are scarce and expensive, which is a problem, when it 

comes to scaling up a technology like the ECH. The disadvantages of precious metals are 

not just of economic nature. These materials are susceptible to catalyst poisoning and 

deactivation through different processes,73 which can be particularly problematic for the 

processing of heterogeneous feeds of biomass origin. Importantly, Pt has been shown to be 

poisoned and its catalytic activity inhibited by the adsorption of carbon monoxide which 

can form from surface decomposition of carbonylated compouds.74, 75 Also, metal 

nanoparticles used in electrocatalysis are known to undergo the so called Ostwald 

ripening:76 this is the growth of metal nanoparticles by dissolution of small particles and 

subsequent redeposition onto bigger ones77 and leads to a decrease in the electrocatalyst 

active surface area. Ostwald ripening can be inhibited by the choice of support material 

however it is a problematic degradation mechanism for Pt-group nanoparticle 

electrocatalysts.78 
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Due to the challenges linked to precious metals, transition metals have garnered more 

significant attention for electrocatalytic applications.66, 70, 72, 79 In general, the activity of 

transition metals is lower compared to precious metals, but  this lower activity, especially 

in the HER can potentially be advantageous for the ECH.66, 70, 80 In the reduction of carbon 

dioxide, copper is a widely used catalyst, owing to its ability to catalyse C-C coupling 

reactions.81 Other transition metals, which have been investigated and reported are silver 

and nickel.82 The lower activity compared to precious metals is also usually offset by the 

price, which is a fraction compared to that of precious metals. However, the stability of 

non-precious metals is often a major challenge and poses limitations to operational 

conditions in a range of reactions. In acidic media, and under the conditions typically used 

for the ECH of bio-oil, transition metals can corrode. A variety of strategies have therefore 

been developed to bypass these problems and fabricate catalyst materials based on 

transition metals. 

Transition metal oxides, carbides and nitrides have been reported to catalyse the HER and 

ECH reactions. A special case of carbides are MXenes, a layered carbide material. MXenes 

have gained much attention for applications in capacitors and there are also reports of 

promising electrocatalytic activity in the HER.83 Another class of materials are transition 

metal dichalcogenides (TMDCs), which be synthesized as 2D or 3D nanostructured 

materials. One TMDC often reported, especially for the HER is MoS2, which consists of 

low-cost raw materials and can deliver good performance in the HER.84 

All these catalyst materials are rarely used in bulk form. Metals, especially precious metals 

are more often used as nanoparticles, dispersed on a conductive support material. Similar 

strategies are chosen for MXenes and TMDCs. The dispersion on a conductive support 

allows the use of semiconducting materials, like MoS2, and the reduction of needed catalyst 

material. In many applications the support chosen is a carbon-based material. Especially 

graphitic materials are often used, due to their electrical conductivity and (electro)chemical 

stability. The variety of carbon materials, discussed later in this chapter, and the possibility 

to tune the chemical composition, makes carbon a promising material in electrocatalysis. 
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1.3.4. Evaluation of catalyst materials 

To be able to evaluate the performance of a catalyst material it is necessary to define key 

performance indicators (KPIs) and usually a combination of KPIs is needed to establish an 

overall assessment of performance. An important property of an electrocatalyst in 

electrolyser applications is its production rate, which is the amount of chemical product 

generated, normalised by electrode area and electrolysis time as in equation (1.12): 

 
Production Rate (

mol

h cm2
) =

nproduct

telectrolysis ⋅ A
 

(1.12 ) 

Where nProduct is the amount of a product produced during the electrolysis, telectrolysis is the 

time of electrolysis and A is the electrode area. The production rate can be calculated for 

benzyl alcohol and hydrobenzoin in the case of the ECH of benzaldehyde, or for hydrogen 

for the HER. 

Similar to the rate at which products are generated is the rate at which benzaldehyde is 

electro-reduced or consumed. While this generally would be defined by the amount of 

benzaldehyde consumed per time and area, in this work the reduction rate is calculated 

using the sum of products as a proxy for the consumption of benzaldehyde. The reason for 

this is the fact that after analysis the carbon balance does not fully add up, making this 

definition a good approximation:  

 
Reduction Rate  (

mol

h cm2
) =

nBenzyl Alcohol + 2 ∗ nHydrobenzoin

tElectrolysis ⋅ A
 

(1.13) 

This expression includes the sum of the production rate of benzyl alcohol and twice the 

production rate of hydrobenzoin, as two benzaldehyde molecules are reduced to yield one 

mole of the dimer product. 

The faradaic efficiency (FE) is an indicator for how much of the charge passed is used for 

electrocatalytic hydrogenation reactions, as opposed to hydrogen evolution. In the case of 

benzaldehyde hydrogenations, two electrons are needed for generating either of the 

possible products, so that the equation for the FE is: 

 
F. E. (%) =  

nProduct

Q
F

⋅ 0.5
 (1.14) 

Where Q is the charge passed during the electrolysis, and F is Faraday’s constant 

(96485.3321 C/mol). In the absence of additional side faradaic reactions, it is usually 
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assumed that the balance of the total charge is accounted for by the HER as the only 

competing process. 

As the FE already provides an indicator of selectivity between the ECH and the HER as 

the only competing process, the term selectivity in this work, as well as others’, is used to 

describe the selectivity towards a specific product of organic hydrogenation. As only two 

products were obtained from the electrolysis experiments, in the case of benzaldehyde, the 

selectivity is calculated according to the equation below: 

 
Selectivity (%) =

nBenzyl Alcohol

nBenzyl Alcohol + nHydrobenzoin
 

(1.15) 

The above KPIs are calculated for all materials used in this work. Finally, another 

important performance indicator that can be calculated, and that is used in chapter 5, is the 

turnover frequency (TOF). The TOF is similar to the production rate or reduction rate, with 

the difference that the rate is normalised to the surface coverage/concentration of active 

sites. Calculation of TOF values therefore requires that the identity of the catalytic site be 

known or at least assumed, as shown below: 

 
TOF(s−1) =

nBenzyl Alcohol + 2 ⋅ nHydrobenzoin

telectrolysis ⋅ ncatalyst
=

Reduction rate

Γcatalyst

 
(1.16) 

Where catalyst indicates the surface density of active sites (mol/cm2). This expression 

indicates how much benzaldehyde is reduced per unit time, with the same approximations 

as for the reduction rate (1.13), (frequency of production per site) and can be adapted to 

calculate the turnovers specific of benzyl alcohol or hydrobenzoin. Finally, it is important 

to note that all of the above KPIs are generally dependent on applied voltage/current 

conditions for electrolysis under potential/current control.  

Using the above KPIs it is possible to evaluate the performance of a catalyst material for 

the ECH. A material for the ECH should show a high production rate with high faradaic 

efficiency and a high selectivity for one of the two products. These KPIs give a good 

indication of the activity of a catalyst material but are not the only descriptors relevant for 

catalytic material. One additional property relevant for catalytic materials is the stability, 

during application and storage. Another relevant property is the sustainability of the 

material. This includes the synthesis, as well as the recyclability of the catalyst material.    
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1.4. Carbon-based electrocatalyst materials 

Carbon materials and nanomaterials find widespread use in electrochemical applications. 

For instance, state of the art lithium-ion batteries employ a graphite anode, exploiting the 

ability of the carbon material to reversibly intercalate and deintercalated Li-ions into the 

carbon lattice. Carbon has many advantageous properties for electrochemical and 

electrocatalytic applications: graphite and graphitized materials are conductive and 

(electro)chemically relatively stable; carbon is widely available and environmentally 

benign; finally, the variety of carbon morphologies and allotropes, together with the 

possibility to tune chemical composition for specific applications, make carbon a sought-

after material in electrocatalysis. 

 

1.4.1. Different allotropes of carbon 

As mentioned above, carbon can be found in different allotropes and morphologies, which 

all exhibit unique properties. Diamond and graphite are the two main allotropes and are 

shown in Figure 1.12. Diamond consists of tetrahedrally-bonded carbon centres covalently 

bonded to carbon atoms via σ-bonds, making diamond one of the hardest natural occurring 

materials. Diamond has an excellent thermal conductivity together with a poor electric 

conductivity85 and is a wide band gap semiconductor (Egap = 5.47 eV); these properties 

make it an interesting material for many applications under extreme conditions, for 

example as exit windows for high power lasers86 or monochromators at Synchrotron 

facilities.87 

 

Figure 1.12 Chemical structure of (a) Diamond and (b) Graphite. (Adapted from Kobashi88 

and Bernal and Bragg89). 
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Graphite consists of trigonally bonded carbon centres (sp2) forming extended 2D layers of 

six-membered rings of -bonded C-C atoms.89 Van der Waals interactions between these 

2D layers result in the 3D crystal structure of graphite. This leads to anisotropy in the 

thermal, electronic and mechanical properties of graphite; for instance, electric 

conductivity along the planes is higher, as the layers have a delocalised π-electron system, 

but poor in the direction perpendicular to the planes.90 The 2D layers can be shifted against 

each other under shear stress, which makes graphite a good lubricant.91 The layered 

structure is also the reason for the ability of graphite to intercalate ions, for example in 

Li-ion batteries,92 as the weak coupling between the layers results in facile lattice 

expansion in the direction perpendicular to the planes (c-axis). This thesis focuses on 

carbon materials rich in sp2 centres, as these graphitized materials are most often used as 

electrodes/conductive supports in electrochemistry; for this reason, some of the common 

graphitic materials are discussed below in greater detail. 

 

1.4.2. Graphitic carbon materials 

Single layers of graphite are called graphene; this material was first isolated in 200493 and 

its discovery was awarded with a Noble prize. Initial work was carried out on graphene 

obtained from mechanical exfoliation of highly ordered pyrolytic graphite (HOPG). At 

present, it is also possible to obtain graphene from CVD processes,94 from liquid 

exfoliation95 and from oxidation-reduction chemical and/or electrochemical methods.96 

Graphene is a promising candidate for different applications due to its unique properties.97 

It is light and has an excellent specific surface area. It exhibits excellent electronic 

conductivity with a tuneable band gap. The mechanical strength of graphene makes it also 

interesting for wearable electronics applications. Derived from graphene different 

allotropes of carbon have been discovered and synthesised. Carbon nanoribbons are  single 

layer graphene, with a quasi-one-dimensional structure.98 They have a width of usually 

less than 100 nm and a much larger length. Carbon nanotubes (CNTs) are formed of sp2 

carbon in a tubular shape, with a one-dimensional structure; they can be single walled or 

multiwalled and exhibit metallic or semiconducting properties depending on their 

structure.99 CNTs have a large specific surface area, which makes them a widely used 

material in electrocatalytic applications. Further graphitic carbon materials, which are just 

mentioned for completeness, are fullerenes,100 nanofibers,101 nano-onions102 and nano-

cubes.103  
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Glassy carbon (GC) is based on sp2 carbon, but in contrast to graphite does not possess a 

high crystallinity.,104 GC cannot be graphitized at elevated temperatures.105 GC has short-

range order present in the form of  partially planar structures; there is however no long-

range order, giving rise to glass-like properties, e.g. its mode of fracture. GC is formed 

typically from pyrolysis of carbonaceous resins and polymers.106 It is highly conductive 

and is therefore frequently used in electrode applications; it usually shows reasonable 

electrochemical inertness and a wide potential window in aqueous electrolytes107 which 

has led to its frequent use in electroanalytical applications and as electrocatalyst support. 

Amorphous carbons (a-C) are carbon materials that possess neither long- nor short-range 

order.108 a-C can be synthesized to display a wide range properties, depending on the ratio 

of sp2 and sp3 carbon present, as shown in Figure 11. For high ratios of sp3, the term used 

is either tetrahedral amorphous carbon (ta-C) or diamond-like carbon (DLC), as many of 

the properties in these materials (electronic, mechanical, chemical) are similar to those of 

diamond. Higher ratios of sp2 carbon are present in materials termed as a-C, which can 

instead approach the properties of nanocrystalline graphitic carbons. Although the 

properties of a-C vary with chemical composition, amorphous carbons are generally 

(electro-)chemically inert and exhibit low friction coefficients, which is beneficial when 

used as tribological coatings,109 which explains interest in mechanical applications of these 

materials for e.g. hard-drives, joint replacements, stents etc. The presence of sp2 centres 

can also result in acceptable conductivity for electrode applications, which coupled with 

their ease of fabrications, e.g. via physical deposition methods, has led our group and others 

to investigate their performance in e.g. biosensing or electrode array fabrication.110-114 In 

contrast to glassy carbon, a-C undergoes chemical changes at elevated temperatures 

forming graphitic materials.115-117 This graphitisation will be used in this thesis to generate 

graphitic carbon films used for electrocatalytic studies.  

 
Figure 1.13 Different carbon materials depending on sp2, sp3 and hydrogen content. 

Reworked from Ferrari and Robertson.118  
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Furthermore, it is possible to integrate amorphous- and graphitic-carbon to 

fabricate/synthesize heterostructured materials that leverage synergies between the carbon 

phase and a metallic or oxide phase. In this thesis, carbon materials will be used in three 

different ways for electrocatalysis studies: as metal free and heteroatom-doped carbon, as 

a support for a second catalytic material and as encapsulation layer for metals. The 

following sections will introduce the reader to the electrocatalytic applications of these 

materials.  

 

1.4.2.1. Metal-free heteroatom-doped carbon 

Metal-free carbon materials are promising candidates for electrocatalytic applications. 

Consisting of a low cost material which is widely available and abundant, carbon can be 

tailored towards specific applications.119 Pure carbon materials, as previously mentioned, 

tend to display good chemical and electrochemical stability in aqueous solutions, which 

makes them relatively inert as electrodes.120 There are however different strategies to 

modulate the intrinsic activity of carbon via the introduction of defects,120-122 or 

introduction of heteroatom functionalities, for example with boron, nitrogen, sulphur or 

phosphorous, which have all been investigated in the electrocatalysis of a wide range of 

reactions of importance for energy and sustainability. 

Heteroatom doping can change the electronic properties and electrical conductivity of 

graphitic carbon materials. Introduction of sulphur into the carbon lattice has been shown 

to increase electron-donor properties and the conductivity of the material.123 Boron doping 

of  CNTs, has been shown to change the electronic structure from semiconducting to 

metallic.124 Doping with heteroatoms can further introduce adsorption sites for reactants 

and intermediates into the carbon. The adsorption changes are often the result of the 

acidity/basicity of the introduced functional sites. This has been shown for e.g. sulphur 

doped carbon in the  adsorption of Cd+2 ions.125 The authors reported on a pH effect in the 

adsorption, whereby increasing the pH to values above 3 the adsorbent surface is expected 

to have a negative charge through deprotonation, thus resulting in better adsorption of 

positively charged cadmium ions. Computational data of P-doping of CNTs suggests 

increased adsorption of acceptor molecules, like NO2, compared to bare CNTs.126 Nitrogen 

sites in carbon, e.g. pyridinic-N, can act as a Lewis base, allowing for adsorption of CO2 

by acid/-base interactions.127  
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These changes in the carbon properties make heteroatom doped carbons promising 

candidates for different electrocatalytic applications, like the ORR, where boron doped 

nanotubes128 and P-doped xerogels129 were shown to have good activity. An improved 

activity through heteroatom doping can also be seen in the HER. Zheng et al.130 reported a 

computational study, lowering the Gibbs free enthalpy of hydrogen adsorption of graphene 

doped with N and P to 0.08 eV, from 1.85 eV for bare graphene. An improved HER activity 

has also been reported for boron doped graphene, by Sathe et al.131 A similar improvement 

was reported for N-doped graphene;132 Tian et al. showed that nitrogen doped graphene 

offers improved HER performance compared to pure graphene. Wei et al. synthesised 

metal free carbon materials derived from bacteria.133 The obtained materials were reported 

to have large specific surface areas and contained nitrogen and phosphorus and showed 

improved HER performance. Similar strategies have been used for carbon nanotubes, 

where an improved HER activity through nitrogen doping was reported.134  

Nitrogen doping has been more intensively studied compared to the other heteroatoms, 

because it is easily introduced into the carbon lattice and N-doped carbons were reported 

to exhibit improved electrocatalytic activity compared to pure carbon.122, 135 This work will 

investigate nitrogen-doped carbons, for this reason this section will look more specifically 

at synthesis routes, effects of different nitrogen sites in the carbon lattice and applications 

in electrocatalysis.  

Different routes for the synthesis of N-doped graphitic carbons have been investigated. In 

general, two ways are possible. Nitrogen can be introduced into the graphite lattice during 

synthesis of the carbon material or afterwards as a post-synthetic modification. Examples 

for both approaches can be found in literature. Choi et al.136 reported a solvothermal 

reduction of hexachlorobenzene with pentachloro pyridine, resulting in an amorphous 

nitrogen doped carbon. N-doped amorphous carbon can further be synthesised by sputter 

deposition, introducing N2 gas into the deposition process. This has previously been shown 

by our group,114, 116, 117, 137 and will be used in this work. Adding NH3 to the gas stream 

during the CVD growth of  graphene and carbon nanotubes results in N-doped carbons.135 

Choosing a nitrogen containing precursor for the CVD process, for example 

phthalocyanine, also results in the growth of N-doped nanotubes.138 Synthesis of porous 

nitrogen containing carbon materials was reported by our group, through the introduction 

of melamine as a nitrogen source during the synthesis of the materials.139  Liu et al. used 

urea as a nitrogen source, combining it with formaldehyde to synthesise a nitrogen-
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containing porous carbon. Further strategies include the generation of N-doped carbons 

from biomass, for example through a hydrothermal treatment of glucose with nitrogen 

containing molecules or proteins.140, 141 Post-synthesis surface modifications to achieve 

nitrogen doping have also been investigated in the literature. Our group has previously 

reported nitrogenation through ammonia treatment at elevated temperatures of graphitised 

carbon films,116, 117, 137 which will also be used within this work. Treatments with ammonia 

gas at elevated temperatures have also been reported to nitrogenate carbon black and 

Ketjen black.142 Using a reactive ammonia plasma to generate nitrogen sites has been 

reported by the group of Duesberg, for pyrolytic carbon,143 reduced graphene oxide,144 and 

graphene.145 Another possibility is the nitrogenation through ion bombardment which has 

been used effectively for mechanistic studies.146 

 

Figure 1.14 Nitrogen doped carbon lattice with graphitic (blue), pyridinic (red) and 

pyrrolic (green) nitrogen sites. 

Within a graphitic carbon lattice, nitrogen can be present as different 

sites/functionalities.135 This is shown in Figure 1.14. If a nitrogen substitutes a carbon atom 

within the graphene lattice, it is called graphitic (NGraphitic) or substitutional nitrogen. A 

nitrogen bound to two carbons forming a six membered ring at the edge or at a vacancy in 

the lattice is called pyridinic (NPyridinic). Pyrrolic nitrogen (NPyrrolic), which is also present 

at edges and vacancies, is involved in the formation of a five-membered ring. In general, 

nitrogen in the graphitic lattice will lead to local increased polarity, which leads to higher 

wettability of the carbon and more favourable adsorption properties in comparison with 

bare carbons.147 Nitrogen contains one more electron compared to carbon, which it can 

donate to the pi system, therefore nitrogenation processes are often observed to increase 

the conductivity of graphitic carbon materials. N-doped carbons have been shown to 
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exhibit an improved HER activity compared to nitrogen-free carbon.122 DFT calculations 

have shown, that N-doped carbons have for the HER favourable hydrogen adsorption 

properties in contrast to bare carbon, this decrease in the Gibbs free energy of the Hydrogen 

adsorption has been reported by Deng et al.148  The different nitrogen sites do however 

have different properties and different effects on the carbon. 

Graphitic nitrogen acts as a N-dopant in the carbon lattice.149-151 NGraphitic sites have a 

slightly positive charge, as they donate the extra electron into the π-system of the 

carbon.151, 152 The slightly positive charge of the nitrogen leads to a slightly negative charge 

in the surrounding carbon atoms. This partial positive charge shifts their π-states from the 

Fermi level to higher energies, in the unoccupied region.153 With the free electron pair that 

graphitic nitrogen sites possess, NGraphitic imparts Lewis basicity on the neighbouring 

carbons, allowing for adsorption of molecules through Lewis-acid/-base interactions. 

If a nitrogen forms a pyridinic site, it acts similar to a p-dopant in semiconductors:150 the 

nitrogen will have a slightly negative charge152, 153 with the surrounding carbons being 

partially positively charged. This positive charge on the carbon leads to occupied states 

being bound more strongly, shifting to deeper energies from the Fermi level.153 NPyridinic 

has a free electron pair, thus acting as a Brønsted-base.154 The presence of the free electron 

pair can be linked to increased reactivity and favourable adsorption on the NPyridinic site,154 

which can be protonated/deprotonated in aqueous solutions depending on the pH. This can 

have an impact on the electrocatalytic activity, as previously reported by our group for the 

ORR.137 Pyrrolic nitrogen on the other hand has been shown to have a nearly negligible 

doping effect.150 

 

1.4.2.2. Carbon-supported electrocatalysts 

Electrocatalyst materials are often used on a carbon support. For the hydrogen evolution 

reaction, Pt nanoparticles supported on carbon are the state-of-the-art catalyst.155 

Electrocatalysts based on nanomaterials offer many benefits, like a high specific surface 

area, many low-coordinated surface atoms and enhanced charge transfer kinetics, to name 

a few.156  Metals supported on carbon are also used to investigate the ECH.157 Andrews et 

al. used carbon cloth impregnated with metal nanoparticles to investigate the 

electrocatalytic activity of different metals.70 The carbon does not just support the 

electrocatalyst and offer conductivity, it can also affect stability and activity of the 
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materials. Speder et al. looked at the degradation of Pt/C on Vulcan and on Ketjen black158 

and the authors found an increased stability on the Ketjen black-supported material. 

O’Hayre et al.146, 159-162 investigated the stability of precious metal nanoparticles on carbon 

supports and reported increased stability through nitrogen modification.  

Molybdenum disulphide and other 2D materials with promising electrocatalyst 

performances in the HER, are often used on a carbon support, by leveraging the good 

conductivity and, the high specific surface area of the carbon.163 In literature, many reports 

look at the design and synthesis of MoS2 on carbon for the HER,164 and other 

electrocatalytic applications. MoS2/carbon heterostructures have shown good 

electrocatalytic activity,165 and will be investigated in this work for the ECH of 

benzaldehyde. Multiple designs and synthesis routes have been reported to obtain 

MoS2/carbon heterostructures. In many of these reports, nitrogen doping was shown to 

have a positive effect on the growth, the stability or the electrocatalytic activity of the 

heterostructures.   

Cao et al.163 used a hydrothermal method growing MoS2 nanosheets on multi-walled CNTs 

(MWCNT). A hydrothermal method was also used by Xiang et al.166 to synthesise MoS2 

nanosheets on carbon cloth. Growth of MoS2 on nitrogen doped CNTs in a wet chemical 

synthesis was reported by Li et al.167 The report shows an improved growth of MoS2 on 

the N-CNTs, which the authors attribute to higher wettability of the nitrogen-doped carbon 

and interactions between the anionic precursor and the N-dopants in the carbon. For all 

these materials an improved HER activity was reported. CVD methods have also been 

reported to grow MoS2 on (graphitic) carbon materials. Chen et al.168 used a process using 

molybdenum chloride and sulphur, to form MoS2 on carbon nano fibres. Another CVD 

process was reported by Gnanasekar et al.169 MoO3 was used as the source of molybdenum, 

which reacts in the vapour phase with sulphur powder to form MoS2 growing on a graphene 

substrate. By this method vertically aligned nanosheets of MoS2 were obtained, yielding 

good activity in the HER. The combination of MoO3 as the precursor and sulphur vapour 

produced in a second hot zone has been used by different groups to grow MoS2 on different 

substrates.170-172 This method will also be used in this work. 
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1.4.2.3. Carbon encapsulation 

Carbon can further be used to encapsulate metals and metal nanoparticles for 

electrocatalytic applications. This approach has different benefits. Encapsulation of 

platinum can inhibit the poisoning of the metal, for example by methanol.173 For transition 

metals, carbon encapsulation can increase the stability of the metal core,174 thereby 

allowing the use of transition metals, like iron, in electrocatalytic applications.175 

The increased stability of carbon encapsulated metals (M@C) is achieved through 

minimizing interactions between metal cores, thereby inhibiting agglomeration,174 and/or 

through protecting the metal core from the ambient environment, avoiding oxidation and 

corrosion. This has been shown by Fronczak et al.176 for carbon encapsulated iron particles, 

where the authors reported  the corrosion resistance of the Fe@C particles in different 

acids. Stability of Ni nanoparticles encapsulated in graphene was reported by Ai et al.177 

Bao et al. investigated encapsulated nanoparticles of iron, cobalt and an alloy of the two in 

the ORR,175, 178 OER179 and the HER.148 The authors report electrochemical stability of 

M@C structures in conditions, that would lead to corrosion of the bare metals. This 

indicates that the carbon shell protects the metal from the electrolyte, while still 

maintaining electrocatalytic activity. 

In the HER, the carbon shell has been reported to further regulate the Gibbs free energy of 

hydrogen adsorption.180 Thereby not just maintaining the electrocatalytic activity of the 

metal core, but increasing it through synergistic effects. This has been shown, 

computationally and experimentally by Bao et al.181 The authors reported in their work a 

ΔGH* close to zero for encapsulated particles of a nickel cobalt alloy. This is a Gibbs free 

energy significantly lower than the bare carbon shell (ΔGH* ≈ 1.3 eV) and higher compared 

to the bare alloy nanoparticle (ΔGH* ≈ -0.3 eV). Similar results were obtained by Fei et 

al.182 They investigated cobalt nanoparticles embedded in N-doped carbon and show that 

the heterostructured catalyst exhibits improved HER activity compared to the bare metal 

nanoparticle. The results were also shown by Ma et al.183 for alloyed nanoparticles of Co, 

Mo and P encapsulated in carbon. In addition to stable HER in a wide range of pH values, 

was the synergistic effect on ΔGH* shown, through computational data. Nonetheless, there 

is uncertainty as to the exact role of the carbon shell in electrocatalytic processes and the 

exact nature of the active site in the above reactions remains highly debated, as recently 

discussed by Yoo et al.184 
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1.4.3. Use of model electrode systems 

All these strategies and applications of carbon have been investigated and reported in 

electrocatalysis. This is due to the aforementioned benefits and variety of carbon materials. 

In many cases it is however difficult to separate changes in intrinsic activity from those 

contributions arising from structural modifications. CNTs are usually grown with metal 

catalysts,185 and therefore a clear understanding of the activity of the carbon in contrast to 

the dispersed metal is difficult. As these 3D structures have high specific surface areas, 

increased activity attributed to the material might only be due to this increased specific 

area. For this reason, model electrodes are often used to deconvolute the intrinsic activity 

of catalyst materials from nanostructure/porosity and mass transport effects.186  

Guo et al. used model carbon electrodes in the ORR and reported pyridinic nitrogen as the 

active sites for oxygen adsorption.187  A similar approach was used by Favaro et al., using 

highly oriented pyrolytic graphite (HOPG) implanted with nitrogen and argon.188 Here the 

authors proposed that an increased activity of the treated HOPG compared to the pristine 

HOPG stems from morphological and chemical changes, namely the nitrogen sites. The 

approach of model systems has been previously used in our group to look at the 

contribution of different nitrogen sites in the ORR at different pH.137 In the work, Behan 

et al. found that the activity of different nitrogen sites changes with the pH, which has been 

linked to the pKa of the pyridinic sites. 

Model systems are however not only used for carbon materials. Zhou et al. used HOPG 

supported platinum model electrodes to test the methanol oxidation.159 The authors report 

that Pt grown on N-doped HOPG is more dispersed with smaller particle size compared to 

Pt grown on undoped HOPG. Further an increased activity and stability was reported in 

the methanol oxidation, due to the N doping. Pylypenko et al. studied the stability of Pt-

Ru nanoparticles on N-doped HOPG and found an increased stability through the nitrogen 

doping, compared to the undoped carbon.189, 190 In this case, the synthesis of the metal was 

done through sputtering and not through electrodeposition. For undoped and low-dopant 

concentration, changes in the metal morphology and agglomeration were found after 

cycling the electrodes in acidic electrolyte. The authors linked this increased stability to 

mitigation of migration processes of the metal through the nitrogen sites. 

In addition to the investigation of chemical changes, model systems allow for investigation 

of mechanisms by giving controlled geometries and known mass transport effects. On flat 



Carbon-based electrocatalyst materials 

33 

 

and relatively smooth electrodes, the influence of mass transport is known. Thus, activities 

observed in materials can be deconvoluted from mass transport effects. Porosity and 

roughness can influence the observed behaviour of electrodes. Porous electrodes of a 

material are known to exhibit higher capacitances and Tafel slopes compared to a smooth 

version of the material.191 Because of this the observed behaviour might lead to the wrong 

conclusions if the exact geometries/nanostructure are not considered. This shows the 

benefit of using model electrode systems when designing carbon based electrocatalyst 

materials. 
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1.5. Aims of the thesis 

Electrochemical technology plays a major role in the transition to a more sustainable 

economy. Electrocatalytic applications allow the synthesis of chemicals and fuels using 

renewable energy. With this the full potential of biomass as a source of energy and carbon 

feedstock can be unfolded. The ECH requires active electrocatalysts and many materials 

have been explored in the literature. In many of these materials carbon plays a crucial role.  

The aim of this thesis is to explore the role carbon and carbon-based materials can play in 

the electrocatalytic hydrogenation of benzaldehyde. The use of model electrode geometries 

will allow to derive intrinsic activities of the materials. Further an understanding of the 

effect of different reaction conditions on the ECH activity will be built. Evaluation of 

materials will be done based on the selectivity, faradaic efficiency and 

production/reduction rate. The design of a custom made electrolysis cell will be shown as 

well. The materials synthesised and investigated in this thesis include: 

• Nitrogen doped carbon thin films with a controlled nitrogen distribution and 

graphitisation, in Chapter 3. 

• Molybdenum disulphide grown on the nitrogenated carbon thin films in 

Chapter 4. 

• Copper encapsulated by amorphous carbon of varying thickness in Chapter 5. 

• In Chapter 6 the annealed carbon films are used as a substrate in correlative 

SECCM. On the basis of two examples the benefits of the carbon films for this 

application is highlighted 

Design and synthesis of the materials will be carried out and a comprehensive 

characterisation with microscopic and spectroscopic techniques will be done.  

To end the thesis the conclusions and findings will be summarised, and an outlook on future 

work and research directions will be given. In addition, further applications of the 

synthesised materials will be shown. 

The results of this research have in part been communicated to the scientific community 

through peer-review articles in well-recognised journals and through international 

conference presentations.
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Chapter II 
 

2. Experimental methods and 

background  

 

 

This chapter will introduce the materials and methods as well as the theory behind the main 

techniques used in this work. Three methods were used for the synthesis of thin film 

materials and samples in this thesis: sputter deposition, evaporation and chemical vapour 

deposition (CVD). The following section provides an introduction to the basic principles 

underpinning these methods as a background to the specific experimental approaches used 

in the chapters devoted to experimental results. The majority of the results were obtained 

using a combination of surface spectroscopic characterization via XPS and Raman 

methods with results correlated then with the electrochemical performance of fabricated 

thin films. Therefore, section 2.3 will discuss fundamentals of XPS and Raman 

spectroscopy whereas section 2.4 will be devoted to key elements of electrochemical 

characterisation of relevance to this work. 
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2.1. Materials 

Glassy Carbon (Sigradur) plates (2 × 1 cm) and discs (ø = 0.5 cm) were purchased from 

Hochtemperatur Werkstoffe GmbH. Silicon wafers and silicon dioxide wafers were 

purchased from MicroChemicals GmbH. Nitrogen (Oxygen Free, 99.998%) and Argon 

(Pureshield, 99.998%) were purchased from BOC. Ammonia was purchased from Air 

Products. Carbon (99.999%), titanium (Grade 2) and copper (99.99%) sputter targets were 

purchased from Kurt J. Lesker. All aqueous solutions were made using Millipore water. 

Sulphuric acid (Sigma Aldrich, 99.999%), sodium sulphate (Sigma, > 99 %), potassium 

hydroxide (Acros, 99.98%) benzaldehyde (Sigma Aldrich, Reagent Plus, ≥99%), ethyl 

acetate (Sigma Aldrich, HPLC Plus, 99.9 %) and acetophenone (Sigma Aldrich, Reagent 

Plus 99%) were obtained commercially and used without further purification. 

 

2.2. Thin film deposition 

2.2.1. Sample preparation 

Glassy carbon (GC) was polished in a multiple step process with decreasing grades of 

alumina slurry (Ted Pella Inc.). This procedure has previously been published.1 In a first 

step, the substrate surface was removed on sandpaper (1200 grid, 3M) with 1 µm alumina 

slurry. In a second step the substrates were polished to a shiny surface on nylon cloth 

(Buehler) with 0.3 µm slurry. After that the electrodes were polished to a mirror finish on 

micro cloth (Buehler) with 0.3 µm slurry and finally 0.05 µm slurry. The final polishing 

step was carried out just before loading the substrates into the deposition chamber or using 

them as bare glassy carbon substrate, to ensure a clean surface immediately before 

use/testing. In between the steps, the substrates were rinsed and sonicated in deionized 

water. 

Silicon and SiO2 wafers were cut to the required size, depending on the intended use, 

sonicated in methanol (Fisher, HPLC Grade) and rinsed with water. The wafers were 

subsequently cleaned in piranha solution (3:1 H2SO4:H2O2 CAUTION: Piranha solution 

is a strong oxidant which may react explosively with organic solvents and must always be 

used in a fumehood). After the piranha solution the wafers were thoroughly rinsed with 

deionized water and dried under nitrogen prior to loading into the deposition system. 
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2.2.2. Physical vapour deposition 

Physical vapour deposition (PVD) is used for thin film deposition in many different fields.2 

During PVD the source material is brought into the vapour phase from a solid or liquid 

state. The material vapor is transported through a vacuum and deposits as a thin film on a 

surface.3 Vaporization of a material can be achieved through different means, of which 

physical sputtering and thermal evaporation are two common techniques.4 

 

2.2.2.1. Sputter deposition 

Sputtering is the removing of atoms from a target surface following collision with an 

incident particle of the process gas.5 The dislodged particles can deposit onto a different 

surface, forming a sputtered film. The impact of an incident particle can displace atoms at 

the target surface. This displaced atom is ‘pushed’ into the target, dislodging further atoms, 

and subsequently initiating a cascade of collisions. In this cascade, surface atoms can be 

dislodged with sufficient energy to overcome the surface biding energy, which will result 

in ejection of the atom as a sputtered atom.4 The sputter yield (emitted atoms per incident 

particles) is dependent on the energy of the incident particle. If the energy is too low, there 

is not enough energy to dislodge any atoms. This so-called threshold is usually around 

10 eV. If the energy of the incident particle is too high, > 50 keV, the incident particle 

moves into the target, dissipating the energy away from the surface. For thin film 

deposition usually incident energies in the range of 50 – 2000 eV are used, as these lead to 

the described sputter process.6 

In many cases, the incident particles for sputter deposition are generated in a plasma of the 

inert process gas. In DC sputtering, a DC voltage is applied between the target, acting as 

the cathode and the grounded chamber acting as the anode. This ionizes the process gas 

and the positive ions are accelerated to the negatively charged target, where they initiate 

the sputter emission of atoms. This ion bombardment also causes the emission of secondary 

electrons away from the cathode, which can cause ionization of the process gas, thus 

maintaining the plasma.7 If the deposition pressure is low, the ionization by secondary 

electrons is also low, resulting in a high electron flux to the substrate (anode) which can 

cause heating. If the pressure is higher, the ionization increases, but the sputtered atoms 

are scattered by collisions with gas molecules, lowering the deposition rate.4 These 

drawbacks can be overcome by using magnetrons. The created magnetic field manipulates 
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the trajectories of the secondary electrons, increasing their ionization utilization even at 

low pressures.4 In a circular planar magnetron, a central and a ring-shaped magnetic pole 

are placed behind the target. The magnetic field induces Lorentz force, leading to an 

electron drift in a closed loop around the circular target. This leads to a nonuniform usage 

of the target, with a coaxial shape around the target. A schematic of a typical DC-magnetron 

sputter setup is shown in Figure 2.1. 

 

Figure 2.1 Schematic of a DC magnetron sputter chamber. 

 

Sputtered atoms arriving at the substrate, and any other surface can condense and form a 

film. Sputter deposition occurs in ‘line of sight’, introducing shadowing effects during 

deposition. The influence of operation parameters on the structure and morphology of the 

deposited film have been summarised by Thornton in the so called structure zone model, 

taking into account deposition pressure and substrate temperature during the sputter 

deposition of metal films.8 This model has been extended by Mahieu et al. considering also 

the film growth.9  

Incident energy of the sputtered atoms can be considered in place of substrate temperature, 

as this energy will determine the mobility of the atom on the surface. If this incident energy 

is low, there is little surface mobility, and the atoms will stick where it lands. This leads to 

rough films, with the presence of voids due to self-shadowing effects. If deposition under 

these conditions is continued, it can lead to knock-on effects induced by the incoming 

sputtered atoms. This will lead to rough films, with less voids. Increase in the energy leads 
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to an increase in surface mobility of the atoms. The resulting microstructure is columnar, 

with grain boundaries between faceted crystallites. This occurs, as atoms can diffuse on 

one grain, but not from one grain to another. Further increase in the energy allows the 

diffusion of atoms from one grain to the other, but not yet restructuring of grain boundaries. 

The preferential orientation is determined by the fastest growth direction. This 

restructuring only occurs at even higher energies, where the preferential orientation is 

determined by the lowest surface energy.4, 5, 8, 9 

The sputtering of carbon and metals used in this work was carried out in a dc-magnetron 

sputter deposition system (Torr international Inc.). The deposition chamber, shown in 

Figure 2.2, was pumped to a pressure < 2 × 10-6 mbar before deposition. For all depositions 

the current was set to 200 mA, allowing the system to adjust the voltage accordingly.  

 

Figure 2.2 Sputter chamber used for deposition of carbon and metal films. 

 

The gas flow during deposition was controlled using mass flow controllers (MFC; Brooks 

Instruments). For deposition of metals a gas flow of 25 sccm of Ar was used. The 

deposition of carbon was carried out using a total flow of 50 sccm of either pure argon, or 

a mixture of argon and nitrogen. The pressure during deposition was in the range of 

1-2 × 10-2 mbar. A pre-sputter step was carried out to ensure a stable deposition rate and a 

fresh surface, prior to the deposition. After the deposition, the chamber was allowed to cool 

down before venting and unloading. 
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Figure 2.3 Schematic of the annealing furnace used for graphitisation of amorphous 

carbon films. 

 

Amorphous carbon films were subsequently graphitised at elevated temperatures. The 

substrates with the deposited carbon films were placed in alumina crucibles (Almath) and 

placed in a quartz tube (GVB GmbH) in a furnace (Carbolite Gero). A typical setup of the 

annealing is shown in Figure 2.3. The annealing procedure was optimised as part of this 

project and is described in greater detail in chapter III. The samples were loaded and 

unloaded only at temperatures below 230 °C. 

 

2.2.2.2. Electron beam evaporation 

Electron-beam evaporation is a PVD technique, often used for deposition of films. The 

source material is heated by an electron beam . This melts and subsequently evaporates the 

material, which is subsequently transported away from the source, covering all surfaces in 

its path,10 this is also shown in Figure 2.2.4. As the e-beam only melts and evaporates a 

small portion of the material source, contaminations by interaction with the crucible can 

be limited.4 The electron beam is generated using a hot filament, which is placed out of 

sight of the source material. This avoids any contamination from the filament. The electron 

beam is manipulated by the Lorentz force, induced by a magnetic field, onto the material. 

The process occurs in vacuum, to avoid scattering of the evaporated atoms or any reactions, 

as oxidation, with atmospheric gas molecules. 

N2

N2/NH3

Exhaust
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Figure 2.4 Setup for E-beam evaporation. 

 

The deposition rate of evaporation is generally higher compared to sputter processes, 

with rates up to 100 nm/min.11 Deposition of heavy and high melting point materials can 

be slow with sputter deposition, whereas e-beam evaporation still allows high rates of 

evaporation and deposition. E-beam evaporation allows good control over the deposition 

rate by regulating the electron beam. As evaporation occurs using a e-beam in above 

setup, the evaporation does not introduce any contamination into the metal, resulting in 

pure films.7  

 

2.2.3. Chemical vapour deposition 

During chemical vapour deposition (CVD) one or more precursor gases are introduced into 

a reactor, where they undergo a chemical reaction at elevated temperatures. This can be a 

reaction between two precursor materials, or the decomposition of a precursor.12 The 

reaction deposits a solid material on the heated substrate surface, whereby the entire 

surface is covered, without any shadowing effects as in PVD.13 In general, the growth rate 

is determined by the temperature of the substrate and the gas flow, which determines the 

residence time of the precursor. There will be a boundary layer of gas at the surface of the 

substrate with zero velocity according to fluid dynamics. The precursor and the reaction 

products are transported into this boundary layer, where the deposition will occur. This is 

shown in Figure 2.5. There are different ways in which CVD processes can lead to growth 

of films. One way is through the reaction of the precursor in the gas phase. The 
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intermediate products of this will diffuse into the boundary layer and onto the surface of 

the substrate, where the growth will occur. Another way is the transport of the precursor 

into the boundary layer. From there it can adsorb onto the substrate, where it reacts and 

deposit.14 

 

Figure 2.5 Typical reaction steps during CVD (1) gas phase reaction of the precursor (red) 

to the intermediate (blue), (2) Transport into the boundary layer and adsorption on the 

substrate, (3) surface reaction (4) surface diffusion and nucleation (film growth) and (5) 

desorption from the surface. 

 

CVD processes are used for many applications and growth of many different films. CVD 

processes can be used to grow single crystals, polycrystals or amorphous films and even 

atomic single layers. CVD processes generally require high temperatures, which needs to 

be considered when setting up a CVD system, as it limits the choice of substrates and 

reactor materials.  

 

2.3. Spectroscopic characterization 

2.3.1. X-ray photoelectron spectroscopy 

In X-ray photoelectron spectroscopy (XPS) the photoelectric effect is exploited to gain 

information about a probed sample.15 The photoelectric effect describes the emission of 

electrons from a material, irradiated by photons of sufficient energy. This effect has been 

known since the end of the 19th century, when Hertz reported its observation16 and Einstein 

gave a detailed explanation based on photons17, although the term photon was only 

introduced later. The work of Hertz was based on UV radiation, but it was quickly 

discovered that the photoelectric effect is also present with X-rays, discovered in 1895 by 

Roentgen.18 After the 2nd world war, Kai Siegbahn and others obtained the first high 

resolution spectra and developed the first commercial XPS system.19-21 Today, XPS is a 

crucial analysis technique in physics, chemistry and material science. UV radiation can 
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only emit electrons from the valence band of a material and X-rays can emit electrons from 

the core levels of an atom. A typical XPS setup is shown in Figure 2.6. 

The emitted electrons of a material are analysed by their kinetic energy (KE) in an analyser 

and detector. A schematic drawing of this is shown in Figure . The analyser scans over a 

range of KEs and only lets electrons of this defined KE pass, yielding a spectrum. The 

measured KE and the binding energy (BE) of an electron are related as follows: 

 

 KE = hν − BE − Φ ( 2.1) 

With hν being the photon energy and Φ being the spectrometer work function, which in 

general is constant. The binding energies of core level electrons are characteristic for an 

element and for the elements used in this work are typically below 1500 eV.22 For this 

reason, the characteristic Al Kα radiation at 1486.7 eV (λ = 0.83 nm) is usually suited to 

analyse a wide range of elements. Electrons in a typical XPS energy range up to 1300 eV 

have an varying inelastic mean free path (IMFP) up to 20 Å, with the exact value 

depending on the material. This IMFP is the range from which electrons can escape without 

energy loss, contributing to the characteristic peak signals. Because of this, XPS is a 

surface sensitive technique. For a mixture of elements, the resulting spectra is 

approximately the sum of the individual spectra, allowing for quantification of the 

elements.23 Here it is important to take the relative sensitivity factor (RSF) into account. 

The RSF is a value combining the IMFP, the photoemission cross section of an atom as 

well as the transmission function of the spectrometer,24 thus giving a measurement of the 

probability of a element to eject an electron.  

The elemental core binding energies are unique to an element, thus allowing the 

quantification of the elements in the surface of a sample.23 Another important feature of 

XPS is the so called chemical shift. This is the variation of the binding energy of an element 

depending on the chemical environment.25 From this shift chemical information can be 

extracted, for example the oxidation state or the chemical bonds of an atom. The full 

derivation of this is out of the scope of this work, but in general binding resulting in a 

partial positive charge on the emitting atom, leads to a shift to higher binding energies, as 

expected from an increase in the potential well depth for the ionization. The opposite effect 

is observed when bonding involves an increase in electron density around the emitting 

atomic species. Similar trends can be observed for the oxidation state, where a higher 

oxidation state shifts the BE to higher values. 
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Figure 2.6 Schematic of XPS setup with X-ray source, photoelectron emission,  analyser 

and a channeltron detector. 

 

Elemental core level spectra of a sample are a combination of the signals of all components 

of an element. To get information from the measured spectra, it is necessary to deconvolute 

the signal into the individual contributions. When fitting the peaks, care needs to be taken 

in the selection of the background subtraction procedure and the line shapes and full width 

half maxima used. When fitting core levels with l ≥ 1 (p, d etc.), spin-orbital splitting is 

can be observed. This splitting is approximately independent of the chemical shift, so when 

a doublet is observed the fitted components will be observed in both peaks. The two peaks 

in a doublet will exhibit defined area ratios according to the orbital splitting.23   

In addition to the core level peaks, Auger peaks are observed in XPS spectra as well. Auger 

electron peaks occur, when an electron vacancy of an inner shell is filled with an electron 

of an outer shell. The released energy can cause the emission of another electron.26 The 

Auger electron energy is independent of the incident photon and does therefore remain at 

a constant binding energy in a measured spectrum, as BE is calculated according to above 

equation.  

XPS data was recorded using an Omicron ESCA system with an EA 125 analyser and 

XM1000MK II monochromated Al Kα X-ray source (1486.7 eV). The irradiation spot size 

is roughly 2 mm, which means, that all XPS data is representative of the sample surface. 

The spectral resolution for the core level spectra resulted to around 0.55 eV. For survey 

scans the pass energy of the analyser was set to 50 eV. For core level spectra the pass 

energy was set to 15 eV. Data analysis was done using CasaXPS software. Fitting of core 

levels was done using Gaussian-Lorentzian peaks and subtraction of a Shirley background.  
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Quantification was done using the area of the core level spectra, normalised for the relative 

sensitivity factor and the number of scans. 

 

2.3.2. Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique used to investigate the vibrational modes 

of molecules and solids. This phenomenon was discovered by Sir Chandrasekhara Venkata 

Raman and Sir Kariamanikkam Srinivasa Krishnan in 1928.27 Illumination of a sample 

with a laser, usually in the visible or near infrared region, leads to scattering of photons. 

An incoming photon excites the sample into a virtual energy state. Upon relaxation a 

photon is emitted. If the vibrational state before and after excitation and relaxation is the 

same, the emitted photon will have the same energy as the incident photons. This elastic 

scattering is called Rayleigh scattering and is the most probably process observed.28 If the 

molecule relaxes into a vibrational state with higher energy,  than the initial state, the 

emitted photon will have a lower energy, that differs from the incident one by a vibrational 

quantum. This inelastic scattering is called Stokes-scattering. At room temperature the 

majority of molecules will be in the lowest vibrational state, with only a small number in 

exited states. If these molecules are excited and relax to a vibrational state with lower 

energy, the emitted photon will have a higher energy and the process is called anti-Stokes 

scattering.29 A schematic of this is shown below.  

 

Figure 2.7 Diagram of scattering modes observed in Raman spectroscopy. Bottom 

vibrational state has the lowest energy, and energy increases upwards.29 

 

For an excitation to be active in Raman spectroscopy, there needs to be a change in the 

polarizability of the molecule.30 For a polarized electromagnetic wave the electric field (E) 

is fluctuating perpendicular to the direction of wave propagation. This electric field induces 

an electric dipole moment (P) according to the following equation.28 
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 P = αE = αE0 cos 2𝜋𝜈0𝑡 ( 2.2 ) 

Where α is the polarizability, E0 the vibrational amplitude and ν0 the frequency of the laser. 

When a molecule is vibrating with a frequency νm, the nuclear displacement q can be 

written as: 

 q = q0 cos 2𝜋𝜈𝑚𝑡 ( 2.3 ) 

With q0 being the vibrational amplitude. If the vibration has a small amplitude, α can be 

approximated as a linear function of q, using a Taylor series: 

 
α = α0 + (

∂α

∂q
)

0

q0 … 
( 2.4 ) 

With α0 being the polarizability at the equilibrium state and q being the displacement of 

the atoms from equilibrium positions. It needs to be mentioned, that the electric field and 

the dipole moment are vectors and the polarizability is a tensor, which will not be shown 

here for simplification. Combining (2.2), (2.3) and ( 2.2.4) gives: 

 P = αE0 cos2πν0t + (
∂α

∂q
)

0

q0E0 cos 2𝜋𝜈0𝑡 cos 2𝜋𝜈𝑚𝑡 ( 2.5 ) 

The first part is the fluctuating dipole emitting photons with a frequency ν0 which is the 

Rayleigh scattering. The second term can be rewritten, resulting in: 

 

P = αE0cos2πν0t

+
1

2
 (

∂α

∂q
)

0

q0E0[cos 2π(ν0 + νm) + cos 2π(ν0 − νm)t] 
( 2.6 ) 

Here the term with (ν0 + νm) is the anti-Stokes scattering and (ν0 - νm) is the Stokes 

scattering. From this equation it can be seen, that if the change in polarizability (
𝜕𝛼

𝜕𝑞
)

0
is 

zero, only Rayleigh scattering will be observed; however, for a non-zero derivative, a 

fraction of the scattered light will display a frequency shift relative to the incident radiation 

that is equivalent to the characteristic frequency of the normal vibrational mode q. 

The intensity of a scattered Raman signal is generally dependent on the 

wavelength/frequency of the excitation wave (ν0) and the frequency of the vibrational 

transition (νk):31 
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 I ≈ (ν0 ± ν𝑘)4  ( 2.7 ) 

As the latter is a constant for a given vibration, the intensity can only be increased by 

choice of the wavelength of the incident wave. Another way to increase the intensity of the 

Raman scattering is to tune the incident beam to be close to resonance of  a vibration. 

Resonance occurs when the energy of the incoming or the scattered photon matches the 

transition energy of an allowed electronic transition.32 This excitation to an electronic state, 

instead of just a virtual state, leads to intensity enhancements around 103 to 105 for a Raman 

band. 28, 31   

Raman spectroscopy is often used for the characterisation of graphitic carbon materials, as 

it can give valuable insights into the microstructure of the material.33 The primary feature 

of graphitic carbon materials are the so called D and G bands, at ~ 1340 cm-1 and 

~ 1580 cm-1, respectively.34, 35 A schematic of these vibrations is shown in Figure 2.8. 

 

Figure 2.8 Characteristic vibration modes of graphitic carbon. 

 

Raman scattering of carbon will always be a resonant process, as all mixtures of sp3, sp2 

and sp1 carbons will have a band gap between 0 and 5.5 eV.36 This makes Raman 

spectroscopy a powerful tool in the characterisation of carbon materials. Carbon materials 

can have varying compositions of sp2-carbon, sp3-carbon, hydrogen and heteroatoms as 

discussed in chapter 1. Raman spectroscopy can be used, to obtain structural information 

about the investigated carbon material.37 Figure 2.9 gives an overview of this for 

amorphous carbon materials. 
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Figure 2.9 (a) Causes and effects of the main factors on the Raman spectra of  amorphous 

carbon materials. Reproduced from Ferrari and Robertson (b) Amorphization Trajectory 

showing the position of the G band and the I(D)/I(G) Ratio from graphite to tetrahedral 

amorphous carbon.38 

 

It can be seen from Figure 2.9(b), that depending on the amount of sp3-carbon in the 

material, changes in the Raman spectra will be observed. The fist change is the position of 

the G band. The other change is the ratio of the intensity of D and G band. The 

amorphization trajectory states an increase in I(D)/I(G) going from graphite to nano 

crystalline (NC) graphite. As the D band is not observable in perfect graphite and only 

appears with the presence of disorder. This increase in the intensity of the D band stems 

from the increase on edge sites in nano crystalline graphite. With increasing sp3-carbon 

content, the ratio lowers again, as there will be less presence of six membered rings. In the 

case of amorphous and nanocrystalline graphitic materials, the effects leading to this have 

been described by Ferrari and Robertson39, 40 and are shown in Figure (a). 

If the ratio of I(D)/I(G) and the sp3 content is also known, the average crystallite size of 

the carbon material can be determined. The equation needed for this determination depends 

on the investigated carbon and where on the amorphization trajectory it lands.41 For the 

region from graphite to NC-graphite, the equation needed is: 

 

 I(D)

I(G)
=

C(λ)

La
 

( 2.8 ) 
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And for nano crystalline graphite to amorphous carbon, the equation is: 

 I(D)

I(G)
= C′(λ)La

2  
( 2.9 ) 

The exact intensities for the D and G band can be obtained by deconvoluting the measured 

spectra. For a correct fit, the number of peaks needs to be considered. According to Ferrari, 

for disordered and amorphous carbon materials, four contributions are present,36 In 

addition to the D and G band, two modulations around 1100 - 1200 cm-1 and 

1400 – 1500 cm-1.38  

When investigating carbon materials, the wavelength of the laser needs to be considered, 

as changes in the wavelength will shift the peaks, as reported by Ferrari and Robertson.36 

The reason for the wavelength dependent shift is different for the D- and the G-band. The 

shift in the G-band is due to disordering in the carbon, with no shift observed for graphite. 

Disorder in a carbon lattice leads to different local band gaps, with clusters of wider π band 

gaps, and higher vibration frequencies, being selected. For the D band, the dispersion 

increases with increasing order in the carbon. Larger clusters in more ordered carbons will 

lower the band gaps, thus lowering the frequency of the breathing mode.38, 42 

Two Raman systems were used in this work. First, a Witec alpha 300R confocal Raman 

spectroscopy microscope, with a 532 nm laser was used for characterisation of 

MoS2/an-C:N (Chapter 5) and Cu@C (Chapter 6). This system allows scanning Raman 

spectroscopy with a piezoelectric sample stage. Scanning Raman allowed to measure 

Raman maps over areas up to 100 × 100 µm2. The obtained Raman spectra were analysed 

using Witec Project 5.1. Raman spectra of carbon films in Chapter 3 were obtained with a 

second system, a Renishaw 1000 Microraman, with a 633 nm Helium-Neon laser 

excitation. Spectra were analysed using CasaXPS 

 

2.3.3. Additional techniques 

2.3.3.1. Scanning electron microscopy 

Scanning electron microscopy (SEM) was carried out using a Zeiss Ultra FE SEM at 5 kV 

acceleration voltage. Both in-lens and secondary electron detectors were used. The relevant 

details accompany any SEM images presented. 
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2.3.3.2. Optical microscopy 

Optical microscopy was performed on an Olympus DSX1000 digital microscope. A 10× 

objective was used for imaging.  The system allowed imaging in bright field and dark field, 

among others. 

 

2.3.3.3.  Atomic force microscopy 

Atomic force microscopy of carbon films was carried out using a Park Systems AFM to 

characterise the carbon topography and film thickness. Images were obtained in non-

contact mode with a NCHR (Non-Contact/Tapping Mode-High Resonance Frequency-

Reflex Coating) tip. Thickness determinations were carried out by preparing Si wafers that 

were partly masked with polymethyl methacrylate (PMMA) before deposition; after 

carbon sputtering, the polymer was removed in acetone leaving a step edge that allowed 

measurement of the sputtered layer thickness. Images were analysed using the Park 

Systems software XEI. 

AFM of Cu@C films was performed using an Asylum Research AFM MFP-3D Stand 

Alone, using gold tips (NSG01/AU; NT-MDT) in non-contact mode; roughness analysis 

was carried out over 2×2 µm2 regions using open software (Gwyddion). 

 

2.3.3.4. Transmission electron microscopy 

TEM was carried out using a JEOL 2100 LaB TEM with an accelerating voltage of 200 

kV. Samples for TEM were prepared by delaminating the MoS2/anC:N films from a Si 

wafer using a razor blade; film sections were transferred onto a gold grid (Ted Pella Inc., 

200 mesh carbon film). 

 

2.3.3.5. X-ray reflectivity 

X ray reflectometry (XRR) was carried out in a PANalytical theta theta diffractometer; 

best-fits of XRR curves were carried out using commercial software (X’Pert Reflectivity).  



Electrochemical techniques 

63 

 

2.4. Electrochemical techniques 

Electrochemistry is the branch of physical chemistry concerned with the correlation 

between chemical and electrical effects. Electrochemical reactions involve the separation 

of electron- and ion transfer. The electron is transported through a (electronic) conducting 

phase, while the ions move through the ion-conducting electrolyte. This results in 

separation of oxidation and reduction of electrochemical redox reactions. Electrochemical 

reactions involve the charge transfer across a phase boundary, e.g. electrode and 

electrolyte. The theory explained in this section follows the outline of Allen J. Bard and 

Larry R. Faulkner in Electrochemical Methods – Fundamentals and Applications.43 

 

2.4.1. Electron transfer at the electrode-electrolyte interface 

According to thermodynamics, the maximum amount of non-expansion work, a reaction 

can perform under constant pressure and temperature, is equivalent to the Gibbs free 

energy of the reaction, ΔRG. Given that the potential difference is the work carried out per 

unit charge, the two quantities are related according to: 

 ΔRG = −nF ⋅ ΔE ( 2.10 ) 

ΔRG of a reaction is related to the change in free energy under standard conditions, ΔRG0 

according to: 

 ΔRG =  ΔRG0 + RT ⋅ ln ∏ ai
νi

i

 
( 2.11 ) 

Where R is the gas constant, T the temperature, and ai and νi are the activity and 

stochiometric coefficients of reactants and products. The stochiometric coefficient is 

positive for products and negative for reactants. If the reaction is in equilibrium and all 

reactant and product activities are in equilibrium, ∏ ai
νi

i = K, the equilibrium constant. 

This defines ΔRG0 as: 

 ΔR G
0 =  −RTlnK  ( 2.12 ) 

With a combination of these equations, ΔE can be defined according to following equation. 

 ΔE = − 
ΔRG

nF
= −

ΔRG0

nF
−

RT

nF
⋅ ln ∏ ai

νi
i =

RT

nF
ln K −

RT

nF
⋅ ln ∏ ai

νi
i   ( 2.13 ) 

 

The above equation can be re-written in terms of the standard potential E0 , replacing the  

first term in the sum and yielding the Nernst equation: 
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ΔE = E0 −

RT

zF
⋅ ln ∏ ai

νi

i

 
( 2.14 ) 

In electrochemistry, the potential of the standard hydrogen electrode (SHE) is used as the 

universal reference. The SHE is defined as the redox potential of the half-cell reaction of 

protons in acid, and hydrogen gas, both with an activity of one, at a platinum electrode. 

In the above description, the structure of the phase boundary has been neglected. This 

structure does however play a crucial role in electrochemical processes. Applying an 

external potential to the electrode will attract/repel charged species from the electrolyte. 

Different models have been developed over the years to describe the electrochemical 

double layer. The Helmholtz model is the simplest model, assuming a rigid double layer. 

This model predicts a surface capacitance independent of the applied potential, which is 

not in agreement with experimental values. Building on the Helmholtz model, Gouy and 

Chapman predicted a diffuse double layer, with a Boltzmann distribution. As this model 

assumes ions to be point charges, an unlimited rise in double layer capacitance would be 

expected for increasing electrode potentials. Otto Stern combined the two models of the 

electrochemical double layer. Instead of point charges, ions were given a defined extension 

and a solvation shell. The solvation shell determines how close and how tightly packed the 

counter ions can get to the interface. After that first Helmholtz layer, a diffuse double layer, 

according to the Gouy-Chapman model, appears. The differences in the three models, 

together with the change of the potential across the interface are shown below. Improved 

understanding and modifications on the models of the double layer continue to this day. 

 

Figure 2.2 Representation of the Helmholtz, Gouy-Chapman and Stern model of the 

electrochemical double layer with their potential curves across the interface. (IHP: Inner 

Helmholtz Plane; OHP: Outer Helmholtz Plane). 
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When redox-active species are present in the electrolyte, electron transfer to and from the 

electrode and the species can take place. In an electrochemical system, the charge transfer 

can be controlled by the potential between the electrode and the solution, e.g. by applying 

an external potential. When the system is in equilibrium, there is no net-transfer of charge. 

Therefore Δ𝑅𝐺 = 0 and no driving force for a chemical reaction is present. If a potential 

is applied to the system, the Fermi level of the electrode changes. The redox active species 

in the electrolyte possess gaussian distributions of donor and acceptor levels. If the Fermi 

level is above an acceptor level, an electron can transfer from the electrode to the redox-

species. Similar when the Fermi level falls below a filled state, an electron can be 

transferred from solution to the electrode.44 This is shown in Figure 2.11. 

  

Figure 2.11 Effect of applied potential on the Fermi Level of an electrode and the resulting 

electron transfer process. 

 

Assuming a one electron reaction, the equation can be written as: 

 A + e−  ⇌ B ( 2.15 ) 

With rate constants kc and ka for the cathodic and the anodic reaction, respectively. Then 

the total current of the reaction is the sum of anodic and cathodic current: 

 j = ja + jc = F ⋅ (kacB(0, t) − kccA(0, t))  ( 2.16 ) 

Here j is the current density, c the concentration and k the rate constants for the cathodic 

and anodic reaction. The rate constants are dependent on the activation energy, ΔG‡, 

following the Arrhenius equation and therefore on the applied potential. This can be written 

as: 

 ΔG(E) = ΔG(E0) − αiF(E − E0) ( 2.17 ) 
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With ΔG(E0) being the enthalpy in equilibrium. In equilibrium the activation energy for 

cathodic and anodic reaction are equal, thus the rate constants will be equal too. This 

equilibrium constant is k0. This results in the rate constants kc and ka being: 

 
kc = k0 exp (−αc

F(E − E0)

RT
) 

ka = k0 exp (αa

F(E − E0)

RT
) 

( 2.18 ) 

With αc + αa = 1. Combining this with (2.16) gives: 

 
j(E) = k0F (cB(0, t) exp (αa

F(E − E0)

RT
)

− cA(0, t) exp (−αc

F(E − E0)

RT
)) 

( 2.19 ) 

In equilibrium, the net current is zero, which means the anodic current is equal to the 

cathodic current, which is defined as the exchange current density, j0. The exchange current 

densities can be written as: 

 
ja
∗ = Fk0cB

∗ exp (αa

F(Eeq − E0)

RT
) = j0 

( 2.20 ) 

An analogous expression can be derived for the cathodic current. Replacing E − E0 = η,, 

i.e. the overpotential, equation 2.19 can be re-written as: 

 
j(η) = j0 (

cB(0, t)

cB
∗  exp (αa

Fη

RT
) −

cA(0, t)

cA
∗ exp (−αc

Fη

RT
)) 

( 2.21 ) 

which is known as the Butler-Volmer equation. 

For high overpotentials, either the anodic or the cathodic current will be dominating. In 

this case ci
∗ ≫ ci(x = 0), which, for the cathodic case will give for equation (2.21) 

 
j = j0 exp (−αc

zFη

RT
) 

( 2.22 ) 

This allows the determination of j0 and α according to the Tafel equation: 

 
ln j = ln j0 + αa

zFη

RT
 

( 2.23 ) 

Many electrochemical techniques have been developed over the years, to derive 

information about the investigated system. In general, for all techniques, a potential or a 
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current is applied, and the resulting current or potential is measured, respectively. Here 

potential sweep and potential step techniques will be explained, as these are the main 

techniques used in this work.  

 

2.4.2. Chrono amperometry 

In potential step techniques, a potential is applied to the system, and the current response 

over time is recorded. This is called chrono amperometry. If a potential is chosen where a 

reduction occurs rapidly, no oxidised species can be present in proximity to the electrode. 

This leads to a high current as soon as the potential is applied. As the concentration of the 

oxidised species drops to almost zero in front of the electrode, a concentration gradient 

builds up, which leads to diffusion of species to the electrode. This leads to a diffusion 

front, which will grow deeper into the bulk of the electrolyte, if only diffusion is present. 

As the diffusion front grows, the current declines, as the mass transport to the electrode 

determines the current response, if the potential of the electrode is chosen cathodic enough. 

As the current in this case is only dependent on the diffusion of species, one can derive a 

quantitative formula for this. This gives the so called Cottrell equation: 

 
i(t) =   

zFAc0√D

√πt
 

( 2.24 ) 

Where i(t) is the current, A the electrode area, D the diffusion coefficient of the redox 

species and t the time. A graphic representation of this is given in Figure 2.12. As the 

potential switches to a reductive potential, a huge current is measured, as all species in 

close proximity of the electrode are reduced. As the concentration gradient builds up over 

time, the current decreases further.  

 

Figure 2.12(a) Potential during a chrono amperometry experiment with (b) the resulting 

current response and (c) the concentration profiles in front of the electrode, for a diffusion 

coefficient of 1×10-5 cm2/s. 
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This effect of diffusion is important for electrodes with microscopic roughness and for 

electrodes active over a subsection of the area. For short times, the diffusion front will be 

shorter than the length scale of microroughness or the distance between active sites. As the 

diffusion zone grows, the length of diffusion is large compared to the length scale of 

electrode features. Thus, the geometric area can be used in the Cottrell equation.  

 

2.4.3. Potential Sweep Methods 

More information about an electrochemical system can be obtained by sweeping the 

potential with time and recording the current response. This gives a cross section through 

the three dimensional current-time-potential space. There are two sweep techniques which 

will be used in this work, linear sweep voltammetry (LSV) and cyclic voltammetry (CV). 

In an LSV, the potential is swept from a starting potential to an end potential. In a CV the 

potential is swept from a start potential to an end potential and back again. The rate with 

which the potential is changed is called the scan rate, ν. 

If a faradaic process occurs within the potential window, a peak will be seen. The presence 

of peaks has multiple origins. As the potential reaches a value where a reduction or 

oxidation can occur, the current increases. As the potential is increased further, the surface 

concentration will drop to near zero, similar as was the case in chrono amperometry. 

Further potential increase will lead to a decreasing current and eventually a diffusion 

controlled current. In a CV, the sweep direction is reversed and in proximity of the 

electrode are now either oxidised or reduced species, depending on the direction of the first 

scan. So as the potential sweeps back to the starting potential, the generated species from 

the first scan will be reduced or oxidised. As before, at a certain point the surface 

concentration will be close to zero and the current is determined not by potential, but by 

the diffusion of the species to the electrode. Based on the peak currents and the separation 

of the peaks, information about reversibility can be made. 

Electrochemical measurements were performed using a Metrohm Autolab potentiostat in 

a three-electrode setup. A jacketed cell was used to allow for temperature control using a 

circulator. Disc electrodes were mounted in a Teflon disc holder (Pine instruments) and 

plate electrodes were contacted using tantalum clips and copper tape. Graphite rods were 

used as counter electrode. Reference electrode in acidic and neutral conditions was an 

Ag/AgCl electrode (1 M KCl, CHInstruments, 0.235 V vs. NHE) and in alkaline a Hg/HgO 

electrode (1 M NaOH, CHInstruments, 0.14 V vs. NHE) was used. Electrolytes were 



Gas chromatography 

69 

 

purged with N2 for 15 min prior to electrochemical measurements. Electrolyte 

compositions are specified in the result section. Analysis of electrochemical data was done 

using OriginLab software. 

 

2.5. Gas chromatography 

Gas chromatography is widely used for separation and quantification of organic molecules. 

Chromatography in general is the separation of compounds between a stationary and a 

mobile phase. The theory explained here in this section is adapted from ‘Basic Gas 

Chromatography’ by McNair and Miller.45 In gas chromatography the mobile phase is a 

carrier gas, which transports the vaporized solutes through the column, which contains the 

stationary phase. Based on the interactions between the solutes and the stationary phase, 

the time it takes to move a compound through the column will be determined. Then the 

solutes are brought into the detector, which analyses the gas mixture and gives quantitative 

results. A scheme of this is shown in Figure 2.12. 

Upon injection of the compound in the inlet, the sample is vaporized and transported into 

the column by the carrier gas. In the column, the solute will partition between the stationary 

phase and the mobile phase. This distribution between two phases can be described by the 

partition coefficient KP. 

 
K𝑃 =

[𝐴]𝑆

[𝐴]𝑀
 

( 2.25 ) 

In cases where KP is large, the interaction between solute and the stationary phase is 

stronger, and the retention time of the solute will be increased. This is the basis for 

separation of compounds in gas chromatography. The retention times of a compound can 

be varied by a change in gas flow, which keeps KP the same, but increases the volume of 

carrier gas. Another way is to increase the temperature, which lowers the strength of 

interaction between the compounds and the stationary phase.  

Different ways to detect and analyse samples in gas chromatography have been developed. 

Here only the flame ionization detector (FID) will be explained, as this is what is used in 

this work. FIDs are widely used in gas chromatography systems, as they are relatively 

affordable and require little maintenance. They have a good detection range with good 

linearity. The sample with the carrier gas enter the FID body, where it is heated up, to make 

sure the sample remains in a gaseous state. It is mixed with hydrogen and air, to create a 

flammable mixture, that is combusted at a jet nozzle. If organic samples are combusted in 
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the flame, they are ionized. A voltage is applied between the nozzle and a collector 

electrode to repel and attract ionized carbon, respectively. The impact of the ions gives an 

electric signal, which is then amplified and turned into a signal output. FIDs can only detect 

organic carbon compounds. The obtained signal is approximately proportional to the 

amount of carbon in a molecule. Holm reported the formation of methane out of the 

carbons in the organic compounds in the hydrogen flame. The methane is then reduced to 

the methylidyne radical (HC ·) which reacts with oxygen to give CHO+ and an electron.46 

For heteroatom bound carbons there are competing reactions, as for the alcohols, where 

methane can form but also CO, which would not be detected.47 Thus, the so called effective 

carbon number is lower in the presence of heteroatoms. 

 

Figure 2.13 Schematic of a gas chromatography system with an FID detector. 

 

Analysis and quantification of the electrolyte was carried out using a gas chromatography 

system with flame ionization detector (GC-FID, Agilent GC8860). For analysis 2 mL of 

the electrolyte were taken and an internal standard of acetophenone was added. The 

organics were extracted with 2 mL of ethyl acetate. To separate the compounds, a 2 mL/min 

flow of hydrogen, from a H2 generator (VICI DBS) as carrier gas was used through the 

column (DB Wax, Agilent, 30 m length, 0.25 mm diameter, 0.5 µm film thickness). The 

FID detector was fed with hydrogen, zero air (Vici DBS) and N2 as make-up gas. 1 µL of 

the organic phase was injected, using a split injection with a ratio of 10:1. The procedure 

consisted of three temperature regimes, starting at 150 °C after 10 min increasing to 180 

°C and finally to 220 °C. Analysis was carried out using the ratio of peak areas in relation 

to the internal standard. From this the reactions could be quantified according to the 

equations given in chapter 1.
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3. Nitrogenated carbon thin films 

 

 

The results presented in this chapter have in part been published in peer-reviewed journals 

in the following articles: 

Hugo Nolan, Christian Schröder, Marc Brunet Cabré, Filippo Pota, Neill McEvoy, Kim 

McKelvey, Tatiana S. Perova, Paula E. Colavita: “MoS2/carbon heterostructured catalysts 

for the hydrogen evolution reaction: N-doping modulation of substrate effects in acid and 

alkaline electrolytes”, Carbon, 2023, 202, 70-80. 

Marc Brunet Cabré, Christian Schröder, Filippo Pota, Maida A. Costa de Oliveira,  Hugo 

Nolan, Lua Henderson, Laurence Brazel, Dahnan Spurling, Valeria Nicolosi,  Pietro 

Martinuz, Mariangela Longhi, Faidra Amargianou, Peer Bärmann, Tristan Petit,  Kim 

McKelvey, Paula E. Colavita: “Carbon Thin‐Film Electrodes as High‐Performing 

Substrates for Correlative Single Entity Electrochemistry”, Small Methods, 2024, 

2400639. 

 

For both papers I led the development and the synthesis of the annealed carbon films and 

collaborated closely with the first authors.   
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3.1. Introduction 

Metal-free carbon materials are gaining increased attention as electrocatalytic materials for 

different reactions.1 These reactions include the ORR, the OER, the HER and 

hydrogenation reactions, like the CO2RR. The growing interest in metal-free carbon is due 

to the importance of discovering sustainable and cost-effective alternatives to precious 

metal catalysts. Carbon-based materials, such as graphene, carbon nanotubes, and porous 

carbon, offer several advantages, including high electrical conductivity, good 

(electro)chemical stability, and abundant availability. Their tuneable electronic properties, 

for example through the incorporation of nitrogen into the carbon lattice plays a crucial 

role in enhancing the catalytic performance, as it introduces new active sites and modifies 

the electronic structure of the carbon material. 

In Chapter 1 the role of nitrogenated carbon materials in electrocatalysis was discussed  

and different synthetic routes were outlined. The introduction of nitrogen into carbon 

structures has been shown to improve their activity and performance. As the demand for 

sustainable hydrogenation processes grows, nitrogenated carbons present an exciting 

avenue for reducing reliance on precious metals, providing an environmentally friendly 

and cost-effective alternative.  

For applications in the HER, nitrogen doping of graphitic carbon materials has yielded 

promising results. Computational data has shown that N-doping modulates ΔGH*, allowing 

for better performance.2 This activity in the HER suggests that nitrogenation might also 

open routes to impart activity in the ECH, as a supply of adsorbed hydrogen at the electrode 

surface needs to be ensured for this reaction to be sustained. Indeed, electrocatalytic 

hydrogenation should be possible at potentials for which the HER occurs; this was 

supported by the work of Koper et al.,3 who showed a correlation between the onset 

potential of the HER with potentials for which ECH products were observed. This activity 

towards the generation of Hads, has also been employed in the reduction of CO2 using N-

doped carbon materials.
1, 4-7 However, there are only limited studies on the ECH of 

complex organic molecules at N-doped metal-free carbon electrodes. In many of these 

studies, graphitic nanostructures like CNTs or graphene are used, which makes it difficult 

to separate the intrinsic activity of the material from structural and mass transport effects, 

such as those arising from increased specific surface areas. A further issue is the reported 
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presence of metal impurities in many carbon nanostructures8-11 due to their synthetic route, 

and that can lead to a wrong assessment of the electrocatalytic activity of the material.  

In this chapter, a truly metal-free synthesis of nitrogenated carbons will be used to generate 

model thin film electrodes with well-defined area and geometry. The synthesis route 

enables the control of the graphitisation and the nitrogenation of the carbon materials, 

which in turn allows for investigation of the effect of different nitrogen functionalities on 

the ECH.  As there are limited studies on this reaction on metal-free carbons, this chapter 

can give a base for future research in this field. 

 

3.2. Synthesis and characterisation 

3.2.1. Carbon thin film deposition and characterisation 

Amorphous carbon thin films were synthesised using dc-magnetron sputtering, according 

to previously reported procedures.12 Briefly, carbon thin films were deposited in a dc-

magnetron sputtering chamber (Torr international, Inc.). The base pressure before 

sputtering was < 2 × 10-6 mbar. The sputtering was done using either pure Ar or a mixture 

of N2/Ar (by flow) to deposit amorphous carbon (a-C) and nitrogenated amorphous carbon 

(a-C:N), respectively. The content of nitrogen in the gas flow was varied from 2% to 10%, 

resulting in a-C:N-X, where X indicates the percentage of nitrogen in the gas flow. The 

total gas flow was set to 50 sccm in both cases, using mass flow controllers (Brook 

Instruments). The resulting pressure during the deposition was in the range 

1-2 × 10-2 mbar; the deposition protocol consisted of a pre-sputtering step of 20 min to 

ensure a stable deposition rate, followed by a 40 min deposition step onto the desired 

substrate. The sputter chamber was cooled down before venting and unloading. 

The roughness and thickness of the two films was analysed using AFM. The height profile 

of a 1×1 μm2 area of the a-C and the a-C:N-2 are shown in Figure 3.1. A thickness of 

73 ± 3 nm was measured after 40 min deposition of a-C, whereas a thickness 88 ± 2 nm 

was measured for a-C:N-2. The RMS roughness was measured at 1.6 nm for both a-C and 

a-C:N-2. 
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Figure 3.1  AFM images over a 1×1 μm2 area for (a) a-C (b) a-C:N-2. (z scale valid for all 

images). 

 

The chemical composition of the as-deposited carbon films was investigated using XPS. 

Survey spectra for as deposited amorphous carbon films,  Figure a, show the presence of 

C 1s (≈ 285 eV), N 1s (≈ 400 eV) and O 1s (≈ 530 eV) core excitations. In the a-C film no 

signal for nitrogen was detected. Quantification of the atomic composition was done using 

the high-resolution spectra of the core levels and results are summarised in Table 3.1. Both 

films show a similar oxygen content. This oxygen is most likely a result of air exposure of 

reactive sites after deposition as well as of water adsorption, as shown for other sputtered 

carbons.13 The 2% nitrogen in the process gas yields 10% of nitrogen in the sputtered film. 

For the C 1s peak six components were used to obtain the best fit. The main components 

are sp2 and sp3 carbon at ca. 284.4 eV and 285 eV, respectively. As nitrogen-bound carbon 

overlaps with oxygen bound carbons,14 the deconvolution only considered the resolution 

of C-O (ca. 286.7 eV), C=O (ca. 288 eV) and COOH (ca. 289.2 eV) species. The final 

high binding energy component is assigned to the π-π* interaction (ca. 290.5 eV).15 This 

is summarised in Table 3.1. The relative proportion of sp2 carbon provides information on 

the graphitisation. It can be seen that the presence of nitrogen in the carbon structure lowers 

the amount of sp2 carbon from 54.4 % to 42.2 %. This comes with an increase of sp3 carbon 

from 25.1 % to 29.2 %, suggesting that the incorporation of nitrogen in the carbon lowers 

the level of graphitisation of the carbon.  

For the deconvolution of the N 1s spectrum, three contributions were considered, graphitic, 

pyrrolic and pyridinic nitrogen at 400.8 eV, 400 eV and 398.5 eV, respectively.12 The 

nitrogen in the sputtered carbon film mainly occupies edge sites, with only 19.4 % of the 

nitrogen being graphitic; 48.4 % of the nitrogen is present at pyridinic sites and 32.2 % at 

pyrrolic sites. The low amount of graphitic nitrogen does again indicate a lower level of 

graphitisation and high defect concentration due to nitrogen incorporation. 
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 Figure 3.2 (a) XPS survey spectra, normalised to the intensity of the C 1s peak, of a-C 

and a-C:N-2. High resolution core level spectra with best fits of (b) C 1s of a-C film, (c) 

N 1s and (d) C 1s of  a-C:N-2 film. 

 

Table 3.1 Atomic composition of the as deposited films obtained from core level spectra. 

 C 

% 

 

sp2 

 

sp3 

 

COs 

 

π-π* 

N 

% 

O 

% 

a-C 88.9  

53.5 

 

29.2 

 

15.2 

 

2.1 

- 11.1 

a-C:N-2 78.9  

42.2 

 

29.2 

 

28.6 

 

2.8 

10 11.1 

 

The electrocatalytic activity of  the amorphous carbon films in the HER is poor. There is 

no control over the nitrogen distribution in the film, as even higher proportions of nitrogen 

in the deposition process would only change the N content but not the distribution of 

functionalities. For this reason, the amorphous films were graphitised using an annealing 

setup.  
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3.2.2. Annealing and Characterisation of nitrogenated carbon films 

The pre-existing setup for the annealing led to partial edging of the carbon films. Therefore, 

a new annealing procedure was developed for the work in this thesis. This new setup and 

protocol improved reproducibility, homogeneity and partial etching of annealed films 

compared with the prior protocols. The upgraded annealing furnace is shown in Figure 3.3;  

the setup consisted of a 25 mm O.D. quartz tube connected to gas inlet/outlets via 

compression fittings, so that all couplings were stainless steel KF or Swagelok type. Gas 

tubing was upgraded to high purity copper and an inline gas filter (Restek, Triple Filter) 

was installed to remove moisture and oxygen residues from the annealing gas, yielding 

nominal gas purity > N6.  

 

Figure 3.3 Annealing setup used in this work. Updated with Gas Filter, stainless steel KF 

and Swagelok fitting. 
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In addition to the upgrade of the setup, a new annealing protocol was developed. A key 

step in the optimised procedure consisted of a high temperature pre-bake of the furnace 

under high purity gas flow conditions. Briefly, prior to any annealing experiments the tube 

was heated to 900°C under inert gas flow (≈ 200 mL/min N2); this allowed 

moisture/oxygen and other impurities dissolved in the quartz solid matrix to thoroughly 

degas from the tube prior to sample introduction. After the “pre-anneal” the furnace was 

cooled down to 230°C under high purity gas flow for loading of samples. If the furnace 

was not used for longer period of times, or a fresh tube was used, the “pre-anneal” was 

repeated twice before annealing, as this was found to ensure reliability. 

After loading of the sample, the furnace was kept at 230°C for at least 15 min before 

ramping up to the annealing temperature of 900°C, unless otherwise mentioned. The 

temperature ramp was set to be 10°C/min. The temperature was kept for 1 h when 

annealing nitrogenated carbon films or if carbon without any nitrogen was wanted. 

Amorphous carbon was also annealed for one hour at 900°C under the flow of nitrogen 

(≈ 200 mL/min) followed by 30 min in NH3/N2 mixture (≈ 100 mL/min each). After 30 

min, pure nitrogen was allowed to flush the system for 10 min before letting the system 

cool down to 230°C before unloading the samples. The temperature profiles and gas flows 

are graphically shown in the Appendix. The nomenclature for the carbon films used in this 

work is summarised in Table 3.2. 

 

Table 3.2 Nomenclature used for the carbon films in this work, together with their 

deposition and annealing conditions. 

 Sputter Conditions Annealing Conditions 

a-C 50 sccm Ar n.a. 

a-C:N-2 49 sccm Ar + 1 sccm N2 n.a. 

an-C 50 sccm Ar 1 h @ 900°C with 200 mL/min N2 

an-C:NGraphitic 49 sccm Ar + 1 sccm N2 1 h @ 900°C with 200 mL/min N2 

an-C:NPyridinic 50 sccm Ar 1 h @ 900°C with 200 mL/min N2 

0.5 h @ 900°C with N2/NH3 (100 mL/min 

each) 

10 min @ 900°C with 200 mL/min N2 

  

an-C:NMixed 49 sccm Ar + 1 sccm N2 1 h @ 700°C with 200 mL/min N2 
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Atomic force microscopy was used to obtain roughness and thickness information of the 

carbon films. Figure 3.4 shows AFM images for the annealed carbon thin films on a Si 

wafer. After annealing, film roughness was found to decrease to <1.5 nm. Table 3.3 

summarises the roughness and thickness values for the annealed films. 

 

Figure 3.4 AFM images over a 1×1 μm2 area for (a) an-C:NPyridinic (b) an-C:NGraphitic  and 

(c) an-C:NMixed. (z scale valid for all images). 

 

The thickness of the annealed films was found to be in the range of 60-80 nm. The lowest 

%-contraction was observed for an-C:NMixed with only 8% followed by an-C:NPyridinic and 

an-C:NGraphitic with 11% and 26%, respectively. The smaller shrinkage of the an-C:NMixed 

compared to the two films annealed at 900°C suggests a less graphitised film resulting 

from the lower annealing temperature. Both of the nitrogenated films annealed at 900°C 

were found to have a similar thickness of 65 ± 1 nm after the annealing suggesting similar 

degrees of graphitisation. The shrinking for all three films is minor relative to the sputtered 

precursor film while the roughness does not increase, thus showing that the sputtering-

annealing synthesis procedure yields continuous and smooth carbon films. 

 

Table 3.3 Thickness and Roughness values obtained from AFM of the carbon films after 

different annealing procedures. 

 Thickness 

nm 

Shrinkage a 

% 

RMS Roughness 

nm 

an-C 83 ± 1 - 0.7 

an-C:NPyridinic 65 ± 1 11 1.4 

an-C:NGraphitic 65 ± 1 26 1.3 

an-C:NMixed 81 ± 1 8 1.3 

a Shrinkage in relation to the as-deposited film  
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The a-C film was annealed at 900°C using the N2/NH3 mixture. The nitrogenated sputtered 

film was annealed under nitrogen atmosphere at 900°C and 700°C. The XPS survey spectra 

of these films are shown in Figure 3.5. As before, the presence of carbon and oxygen is 

shown while nitrogen is evident in all three films. The XPS spectra for an-C can be found 

in the Appendix, as this film is mostly shown for completeness. 

 

Figure 3.5 XPS survey spectra, normalised to the intensity of the C 1s peak, of annealed 

nitrogenated carbon films. 

 

The chemical composition was determined using the core level spectra and the summarised 

data are shown in Table 3.4. It can be seen that in all three nitrogenated films a similar 

carbon atomic content was found while oxygen content was lower than for the as deposited 

films. The nitrogen amount in the an-C:NMixed is >5% higher than in the an-C:NGraphitic. The 

lowest amount of nitrogen was found in the an-C:NPyridinic. The lower oxygen content in 

the annealed films compared to the as deposited films indicates that oxidized groups are 

burnt off, with oxygen remaining after annealing due to exposure of air/water vapour 

during sample handling. 

  

Table 3.4 Atomic composition (in atomic %) obtained from core level spectra for 

nitrogenated carbon films.  
 C % O % N % 

an-C 97.8 2.2 - 

an-C:NPyridinic 90.3 8.3 1.4 

an-C:NGraphitic 92.1 4.9 3 

an-C:NMixed 87.1 4.1 8.8 
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The nitrogen content found for an-C:NMixed and an-C:NGraphitic were found to be lower 

compared to a-C:N-2. This indicates that during the annealing some of the nitrogen in the 

film burns off. This is supported by the fact that an-C:NMixed contains almost three times 

the amount of nitrogen compared to an-C:NGraphitic. Best fits of the core levels were 

obtained the same way as for the as-deposited carbon films. This is shown in Figure 3.6 

and the obtained data is summarised in Table 3.5. 

 

Figure 3.6 Best fits obtained for the  C 1s core level spectra of  (a) an-C:NPyridinic, 

(c) an-C:NGraphitic, (e) an-C:NMixed and the N 1s core level spectra for (b) an-C:NPyridinic, 

(d) an-C:NGraphitic, (f) an-C:NMixed. Data amended from Nolan et al.16 

 

The relative content of sp2 carbon in the two films annealed at 900°C is similar at around 

70%. The an-C:NMixed film shows less graphitic carbon with only 57.4%, which is 

consistent with a higher temperature leading to a higher degree of graphitisation. Similar 
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to this is the ratio of sp3 carbon which is at 13.8 % and 11.7 % for an-C:NPyridinic and 

an-C:NGraphitic, respectively. The ratio of sp3 carbon for an-C:NMixed  is approximately 

double at 24.2 %. 

 

Table 3.5 Obtained information from best fits of XPS core level spectra, for the annealed 

nitrogenated carbon films. 

 sp2/Ctotal 

% 

sp3/Ctotal 

% 

NGraphitc 

% 

NPyridinic 

% 

NPyrrolic 

% 

an-C 74.1 6.9 n.a. 

an-C:NPyridinic 72 13.8 24.7 54.2 21.1 

an-C:NGraphitic 68.1 11.7 67.6 30.5 1.9 

an-C:NMixed 57.4 24.1 48.7 45.7 5.5 

 

The nitrogen distribution, obtained from the best fits of the three films varies greatly. The 

an-C:NPyridinic shows a high proportion of pyridinic and pyrrolic nitrogen functionalities. 

As the a-C film is annealed for one hour before ammonia is introduced, the graphitic lattice 

is mainly formed, which allows for the ammonia to only react at edge sites. The annealing 

of the a-C:N-2 film at 900°C results in a mainly graphitic nitrogen content, while the 

annealing at 700°C gives an almost equal content of pyridinic and graphitic nitrogen. The 

annealing of the nitrogenated carbon film lowers the overall content of nitrogen compared 

to the as deposited a-C:N film, and especially the content of the pyridinic and pyrrolic 

nitrogen sites. A similar trend was observed by Hellgren et al.13 

Further understanding of the chemical structure of the carbon films was obtained with 

Raman spectroscopy. Raman spectra of the annealed carbon films in comparison to the as 

deposited films are shown in Figure 3.7. Two distinctive peaks can be seen at around 

1350 cm-1 and 1600 cm-1 which are assigned to the D and G band.17 In the as deposited 

films the two peaks are not fully resolved but after annealing the resolution of the two 

peaks becomes more pronounced. For an-C:NMixed the resolution of the two peaks is poorer 

compared to an-C:NGraphitic. 
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Figure 3.7 Raman spectra for (a) a-C as deposited and annealed and (b) a-C:N-2 as 

deposited and annealed 700°C and 900°C. Data amended from Nolan et al.16 

 

To be able to determine the exact ratio between the G and D band, Raman spectra were 

deconvoluted. Best fits were obtained using four components: G and D bands and two 

minor components around 1100 cm-1 and 1500 cm-1 following Ferrari and Robertson.17 

The peak around 1500 cm-1 can be attributed to the presence of amorphous carbon.18, 19 

The contribution around 1100 cm-1 can be linked to the presence of sp3-like bonds.20 These 

best fits are shown in Figure 3.8 (Fitted Raman spectra for as deposited films in appendix) 

and summarised in Table 3.6. The obtained results follow the amorphization trajectory as 

outlined by Ferrari and Robertson.21, 22 On the as-deposited films, the D/G ratio is below 

one, indicating amorphous carbon films. Annealing at 700°C leads to some graphitisation 

with an increased D/G ratio. The films annealed at 900°C show the highest D/G ratio, 

indicating a higher level of graphitisation.  
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Figure 3.8 Best fit obtained for Raman spectra for (a) an-C:NPyridinic, (b) an-C:NGraphitic 

and (c) an-C:NMixed. Data amended from Nolan et al.16 

 

This increase in D/G ratio follows the decrease in the %-contribution of sp3 carbon found 

via XPS analysis. As the carbon graphitises the concentration of six-membered rings, 

which are required for observing D bands, increases; however, as the carbon is still 

defective and polycrystalline the presence of edge sites/vacancies allows for the D-band 

transitions via optical excitation.  

 

Table 3.6 I(D)/I(G) ratios obtained from the best fits of the Raman spectra of the 

(nitrogenated) carbon films. 

Sample I(D)/I(G) ratio 

a-C 0.82 

a-C:N-2 0.91 

an-C 1.4 

an-C:NPyridinic 1.39 

an-C:NGraphitic 1.33 

an-C:NMixed 1.23 
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In summary the sputtering-annealing synthesis procedure allowed reliable synthesis of 

graphitised nitrogenated carbon thin films. Combining the AFM, XPS and Raman results, 

it can be seen, that the increased level of graphitisation from an-C:NMixed to an-C:NGraphitic 

results in greater thickness shrinkage, while the thickness of both films annealed at 900°C 

was found to be similar. By using the two-step synthesis process it is possible to tailor the 

chemical composition and the distribution of the Nitrogen functionalities in the amorphous 

carbon films. The XPS data of the three films shows further, that the nitrogenated carbons 

used in this study consist of one with mainly graphitic-nitrogen, one with mainly pyridinic-

nitrogen and one with an almost 50:50 ratio. This allows the investigation of the influence 

of different nitrogen distributions on the electrocatalytic behaviour of the nitrogenated 

carbon films.  

 

3.3. Hydrogen evolution reaction at N-carbons 

Electrochemical studies of the HER were first carried out to evaluate the performance of 

the films in a reaction that requires activation of hydrogen at the surface. LSV experiments 

at a scan rate of 2 mV/s were carried out in a three-electrode cell in aqueous electrolyte at 

pH 1, pH 7 and pH 13, to investigate the pH-dependence of the HER activity. The 

electrolytes were 0.1 M solutions of H2SO4, Na2SO4 and KOH, respectively. The obtained 

voltammograms for acidic media and the derived activity descriptors are shown in 

Figure 3.9. 
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Figure 3.9 (a) Linear sweep voltammetry at 2 mV/s on nitrogenated carbon discs in 

0.1 M H2SO4 and extracted (b) overpotential at 1 mA/cm2, (c) Tafel slope and (d) exchange 

current density. Error bars indicate standard deviations; results for polished GC discs are 

also shown for comparison. 

 

The onset potentials, defined in this work as the overpotentials (η) at 1 mA/cm2, for an-

C:NGraphitic and an-C:NPyridinic are almost the same, at ca. -0.72 V vs. RHE. All carbon 

materials show cathodic currents that start at more negative potentials than the 

thermodynamic value of 0 V vs RHE thus indicating that all the Carbon films are relatively 

poor HER electrocatalysts. However, the presence of N-functionalities in the most 

graphitised Carbon films leads to an enhancement of the HER activity relative to that 

observed for GC electrodes. The Tafel slope obtained from voltammetry can give insights 

into the mechanism of a reaction, with the r.d.s. being Volmer, Heyrovsky and Tafel step 

leading to Tafel slopes of approximately 120, 40 and 30 mV, respectively.23, 24 The Tafel 

slopes for all carbon thin films were in the 118-162 mV range, which is consistent with the 

Volmer step being rate determining.23 The exchange current densities are similar for all 

three nitrogenated carbons with log j0 (mA/cm2) values between -5 to -6. These results are 

in agreement with descriptors for the HER on carbon materials reported in literature.25, 26 

In 0.1 M KOH the general trend for the HER on the nitrogenated carbons is similar as 

shown in Figure 3.10. an-C:NGraphitic and an-C:NPyridinic show an earlier onset compared to 
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the GC support and the an-C:NMixed. The onset on the nitrogenated carbons is ca. -0.9 V vs. 

RHE, which is ~150 mV more cathodic compared to the HER in acidic conditions. The 

Tafel slopes found for the HER in alkaline conditions were higher compared to the ones 

found in acidic conditions. The carbons exhibit higher slopes, with the an-C:NMixed 

showing a slope above 350 mV. The Tafel slope of 149 mV found for an-C:NGraphitic is 

similar to the 143 mV reported by Shinagawa et al. for nitrogen doped graphene in 

0.1 M KOH.23 The higher Tafel slopes of the other carbons could arise from the kinetic 

barrier for water dissociation, consistent with expected high values for a chemical rds.27, 28 

 

 

Figure 3.10 (a) Linear sweep voltammetry (2 mV/s) on nitrogenated carbon discs in 

0.1 M KOH and extracted (b) onset potential (η at 1 mA/cm2), (c) Tafel slope and 

(d) exchange current density. Error bars indicate standard deviations; results for polished 

GC discs are also shown for comparison. 

 

In neutral conditions all tested carbons performed relatively poorly as shown in 

Figure 3.11. For the an-C:NMixed only one of the samples reached the desired current 

density. The exchange current densities follow a similar trend as for the alkaline conditions. 

The Tafel slopes are ca. 250 mV for an-C:NGraphitic and an-C:NPyridinic and even > 400 mV 

for an-C:NMixed, suggesting that the barrier to water dissociation leads to the higher Tafel 

slope.  
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Figure 3.11 (a) Linear sweep voltammetry at 2 mV/s on nitrogenated carbon discs in 

0.1 M Na2SO4 and extracted (b) onset potential (η at -0.5 mA/cm2), (c) Tafel slope and 

(d) exchange current density. Error bars indicate standard deviations; results for polished 

GC discs are also shown for comparison.  

 

The results of HER studies on the nitrogenated carbons show an improved performance of 

the HER on the nitrogenated and graphitised carbon films relative to the bare glassy carbon 

electrode. The poor performance of the an-C:NMixed, which also showed a lower level of 

graphitisation, indicates that in addition to the nitrogenation, the graphitisation plays an 

important part in the performance in the HER. The HER activity in acidic conditions is the 

highest, followed by alkaline conditions. In neutral conditions the HER was least active 

for all tested carbons.  

To show that the nitrogenation does have an effect on the HER activity and the 

improvement is not just an effect of graphitisation, the HER was tested in acidic conditions 

with on an-C film. On this film the HER had an onset potential of -0.75 V vs. RHE, which 

is more cathodic compared to the nitrogenated carbon films. This will further be discussed 

in Chapter 6. In addition to this, a Tafel slope of around 160 mV was found, which is in 

the range of the an-C:NMixed. This shows that while the graphitisation does play an 

important role on the electrocatalytic activity, the nitrogenation improves performance 
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further. Especially, as the an-C has a higher degree of sp2 carbon compared to the 

nitrogenated films, indicating a higher degree of graphitisation. 

 

3.4. ECH on N-carbon 

Voltammetry in the presence of benzaldehyde was carried out in acidic and in neutral 

conditions to test the effect of an organic on the HER performance. The resulting 

voltammograms are shown in Figure 3.12. In acidic conditions a suppression of the HER 

currents was found. The currents found for glassy carbon and the nitrogenated carbons 

were in a similar range. The current on the an-C:NMixed was most suppressed. At pH 1 there 

is no discernible peak and any ECH appears to be suppressed or masked by the onset of 

HER currents. A shoulder in the cathodic current can be seen, especially at the GC 

electrode. 

In neutral conditions a cathodic peak can be seen around -0.85 V vs RHE. As this peak is 

only visible in the presence of benzaldehyde. The cathodic peak is in a similar potential 

range as a reduction peak for benzaldehyde reported by Cantu et al.29 at graphene 

electrodes. Compared to the observed HER currents in bare supporting electrolyte, the 

cathodic currents are smaller in the presence of benzaldehyde. This can be attributed to 

benzaldehyde adsorption onto the carbon resulting in suppression of the HER current 

background. 
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Figure 3.12 Linear sweep voltammetry at 2 mV/s in (a, c, e and g) 0.1 M H2SO4 and (b, d, 

f and h) 0.1 M Na2SO4 with (solid lines) and without (dashed lines) 10 mM benzaldehyde 

on  (a, b) GC, (c, d) an-C:NGraphitic (e, f) an-C:NPyridinic and (g, h) an-C:NMixed. Deposited on 

GC disc electrodes. 

 



ECH on N-carbon 

93 

 

For electrolysis experiments an electrochemical cell was designed and custom made by a 

glassblower. The materials used in the cell needed to be chemically stable in the conditions 

of the electrolysis experiments. Also, separating the two compartments with a membrane 

was needed to avoid crossover of reaction products during the experiment. The design 

consisted of a half-cell adapted from a 25 mL glass bottle, with a glass flange attached at 

a defined height. With the flange, two half cells could be connected with a Teflon centering 

ring and sealed with a Viton O-ring using a tensioning chain. The electrical connection was 

done through silicon septa, allowing to run experiments under controlled atmosphere in 

the headspace. The setup of the electrolysis cell is shown in Figure 3.13. 

 

Figure 3.13 Custom made electrolysis cell used in this work. 

 

3.4.1. Electrolysis under static conditions 

Electrolysis experiments were carried out to study the electrochemical reduction of 

benzaldehyde. Cathodic potentials of ca. -0.8 and -0.95 V vs. RHE (-1.1 and -1.6 V vs. 

Ag/AgCl) were applied in 0.1 M H2SO4 and Na2SO4, respectively, with addition of 

benzaldehyde at 10 mM concentration. Chronoamperograms of 4 h were then obtained, 

with Gas Chromatography and FID analysis of the electrolyte carried out before and after 

the electrolysis. A representative current response with the charge as well as the resulting 

gas chromatograms are shown in Figure 3.14. It can be seen that the current increases 

significantly over time. Towards the end of the chronoamperogram the current becomes 

noisy due to bubble formation during the HER. The chromatogram displays multiple 

peaks; the first one due to ethyl acetate solvent, the second one (tR ≈ 3 min) corresponding 

to benzaldehyde and a third one (tR ≈ 4 min) due to acetophenone used as internal standard. 
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A fourth peak at ca. 17 min is due to benzoic acid, which is present as an impurity. After 

electrolysis, peaks for benzyl alcohol (tR ≈ 8 min) and hydrobenzoin (tR ≈ 50 min) can also 

be seen. 

 

Figure 3.14 (a) Representative chrono amperogram on a an-C:NGraphitic deposited on a 

glassy carbon plate electrode (Area = 1cm2) on of a 4 h electrolysis experiment in 

0.1 M H2SO4 with 10 mM benzaldehyde at -0.8 V vs. RHE in static electrolyte and (b) the 

resulting gas chromatogram before and after electrolysis. Inset shows a zoomed in version. 

 

Finally, an additional peak at ca. 2 min is observed, which is a hydrolysis product of ethyl 

acetate in presence of acid and results from storage prior to analysis.30 From peak area 

ratios relative to the internal standard, the key performance indicators of the different 

reactions can be calculated as discussed in section 1.3.4. It is interesting to note that the 

data shown in Figure 3.14 is the result of an electrolysis experiment with a quiescent 

solution; therefore, it is likely that the current trend observed in the chronoamperogram is 

the result of benzaldehyde depletion in the diffusion layer, which would result in the HER 

becoming favoured and less suppressed over time.  

The resulting selectivity towards benzyl alcohol and the faradaic efficiencies of organic 

reductions derived for the nitrogenated carbon electrodes and the glassy carbon electrode 

are shown in Figure 3.15.  
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Figure 3.15 (a) Selectivity towards benzyl alcohol obtained for the glassy carbon electrode 

and the nitrogenated carbons in 0.1 M H2SO4 at -0.8 V vs RHE and (b) in 0.1 M Na2SO4 

at -0.95 V vs RHE (c) The resulting faradaic efficiencies of organic reductions for the two 

products and the total organic reduction in 0.1 M H2SO4 and (d) 0.1 M Na2SO4. With 

10 mM benzaldehyde without stirring. Error bars indicate standard errors. 

 

In neutral conditions there is almost no selectivity towards benzyl alcohol. In acidic 

conditions there is a clear difference between the nitrogenated carbons, yielding over 60% 

benzyl alcohol and glassy carbon giving less than 40% of benzyl alcohol. This follows the 

trend observed in the HER on the different carbons. 

The faradaic efficiencies are poor, with less than 10% for the nitrogenated carbons in acid 

electrolyte, thus indicating that the HER is the dominant reaction. On GC the faradaic 

efficiency is higher, as it is less active in the HER at the tested potential. In neutral 

conditions the faradaic efficiencies are higher and almost independent of the carbon used. 

Together with the low selectivity towards benzyl alcohol, this is most likely due to the low 

HER activity at the applied potential. It needs to be noted, that the faradaic efficiencies are 

averaged over the four hours of electrolysis. The current response over the four hours does 

indicate a depletion of benzaldehyde at the electrode and an increased HER activity. The 

trends in production rates, Figure 3.16, further support that benzaldehyde depletion limits 

the performance under these electrolysis conditions. Although there are differences in 
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selectivity and faradaic efficiency, in acidic conditions there is almost no difference in the 

amount of benzaldehyde reduced at the different carbon electrodes. In neutral electrolyte 

there is even more benzaldehyde reduced, on the GC compared to the nitrogenated carbons, 

with a decrease in production of hydrobenzoin on them. 

 

Figure 3.16 Production rate for benzyl alcohol, hydrobenzoin and the total amount of 

reduced benzaldehyde after 4 h on glassy carbon and the nitrogenated carbons with 

10 mM benzaldehyde without stirring in (a) 0.1 M H2SO4 at -0.8 V vs. RHE and 

(b) 0.1 M Na2SO4 at -0.95 V vs. RHE. Error bars indicate standard errors. 

 

 

3.4.2. Electrolysis under forced convection 

The previous results show that the electrolysis without forced convection is mass transport 

limited likely resulting in greater selectivity towards the HER over time and negligible 

differences among the performances at the different carbon electrodes. For this reason, the 

electrolysis setup was changed and the cell was equipped with a stirring bar and placed on 

a magnetic stirring plate. In addition, temperature fluctuations in the lab were avoided by 

placing the cell in a water bath set at 25°C. A stirring rate of 500 rpm was chosen, as this 

was a speed at which the convection in the cell could be maintained without damaging the 

electrodes. In contrast to the current response of the chrono amperometry without stirring, 

the forced convection inhibits the increase in current over time. This is shown in 

Figure 3.17 for an-C:NGraphitic using 20 mM benzaldehyde.  
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Figure 3.17 Chrono amperometry on an-C:NGraphitic in 0.1 M H2SO4 with 

20 mM benzaldehyde with 500 rpm stirring (solid line) and with 10 mM benzaldehyde 

without stirring (dashed line). 

 

Selectivity, production rates and faradaic efficiencies were then studied using the same 

conditions via 30 min potentiostatic experiments at varying potentials, and results are 

shown in Figure . The shorter time was used as due to the stirring higher rates were 

observed, allowing for a shorter time of electrolysis. Compared to electrolysis in quiescent 

solutions, the rate at which benzaldehyde is reduced is significantly higher on GC and on 

the nitrogenated carbon electrode. The amount of reduced benzaldehyde for an-C:NGraphitic 

at -1.1 V vs. Ag/AgCl is almost  double compared to that of GC. At -1 V vs. Ag/AgCl the 

reduction rates found for both carbons were similar. The production rate for both products 

increases with more cathodic potentials. The production of hydrobenzoin increases 

significantly at more cathodic potentials, while only a slight increase was found for the 

production of benzyl alcohol. The selectivity towards benzyl alcohol is high at less 

cathodic potentials, with 100% benzyl alcohol on GC at -0.5 V vs RHE. With more 

cathodic potentials the selectivity drops down to 12% at -0.8 V vs RHE. On an-C:NGraphitic 

the selectivity at -0.5 V vs RHE is around 90% but decreases to ca. 30% for more cathodic 

potentials. At -0.8 V vs RHE the selectivity was found to be 26%, which is significantly 

higher compared to the selectivity found for GC at the same potential (12%). Without 

stirring a selectivity of about 70% was found for an-C:NGraphitic at -0.8 V vs RHE. This 

indicates that the limited mass transport of benzaldehyde that was found in static conditions 

leads to increased selectivity. Another reason for the lower selectivity between the two data 

sets could be the increased concentration of benzaldehyde. A higher concentration of 

benzaldehyde was used to increase the production rate and allow shorter electrolysis times. 

With more benzaldehyde in the electrolyte, and stirring, more benzaldehyde is supplied to 
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the electrode, leading to more ketyl radicals forming and in turn to more hydrobenzoin 

being produced. The faradaic efficiency of organic reduction increases for both carbons 

going to more cathodic potentials. However, the faradaic efficiency for the ECH to benzyl 

alcohol on glassy carbon drops when the potential is decreased from -0.7 V 

to -0.8 V vs RHE. 

 

Figure 3.18 Production rate for benzyl alcohol, hydrobenzoin and the total reduction rate 

of benzaldehyde after 0.5 h for electrolysis in 0.1 M H2SO4 with 20 mM benzaldehyde at 

500 rpm on (a) glassy carbon and (b) an-C:NGraphitic. Selectivity towards benzyl alcohol 

obtained at (c) GC and (d) an-C:NGraphitic electrodes. Faradaic efficiencies of organic 

reductions for each of the two products and for the total organic reduction at (e) GC and 

(f) an-C:NGraphitic. Error bars indicate standard errors. 
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Stirring of the electrolyte during electrolysis minimises mass transport limitations, as 

shown by increased production rates, particularly for an-C:NGraphitic. Forced convection 

resulted in the faradaic efficiency on the nitrogenated carbon electrode increasing to over 

30%, with the efficiency for ECH to benzyl alcohol increasing to about 10%. The drop in 

selectivity could have multiple sources. One explanation could be that at more cathodic 

potentials more benzaldehyde is reduced to the ketyl radical. If in addition to this, the 

hydrogen coverage is not increasing to the same extent, then more hydrobenzoin formation 

can be expected. An alternative explanation could be a change in the reaction mechanism, 

as described by Cantu et al.29 The authors found that at low cathodic potentials the most 

favourable reaction mechanism is the so called concerted proton-electron reduction, i.e. 

the addition of an adsorbed hydrogen. At more cathodic potentials the step wise addition 

of an electron and then a proton becomes more favourable. From this reaction pathway a 

higher coverage of ketyl radical would follow, which again leads to more dimerization. 

The selectivity on the nitrogenated carbon at high cathodic potentials is higher compared 

to the glassy carbon. This indicates that the higher activity in the HER translates to a higher 

selectivity, even at highly cathodic potentials.  

 

3.5. Conclusion 

Through the improved annealing protocol, the reliable synthesis of nitrogenated carbon 

films was possible. Characterisation via microscopy and spectroscopic methods indicated 

that the films are smooth and have a controlled degree of nitrogenation and graphitisation. 

Three carbons, one with mainly graphitic nitrogen, one with mainly pyridinic nitrogen and 

one with a mixed nitrogen distribution were chosen to study the effects of nitrogenation on 

the HER and ECH reactions. The nitrogenated carbon films show an improved activity in 

the HER. The data suggests that a carbon with good electrocatalytic activity needs to have 

a certain level of graphitisation in addition to the nitrogenation. This was seen by the poor 

performance of the an-C:NMixed film in contrast to the materials graphitized at higher 

temperatures.  

In the presence of benzaldehyde the HER currents are suppressed, indicating some activity 

in the ECH, which was shown through electrolysis experiments in a custom-made 

electrolysis cell. Without stirring of the electrolyte, the ECH was found to be mass transport 

limited, resulting in poor faradaic efficiencies and poor production rates. Through the 

introduction of stirring, production rates and the faradaic efficiencies were increased, 
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however the selectivity towards benzyl alcohol was decreased. This is consistent with a 

higher concentration of benzaldehyde at the electrode surface, which is maintained by the 

forced convection process, and facile formation of ketyl radicals. The selectivity at low 

cathodic potentials is instead higher. Interestingly, the nitrogenated carbon electrode tested 

does show a higher selectivity towards the alcohol compared to GC, thus suggesting that 

nitrogen functionalities might play a role in imparting ECH activity. The nitrogen doping 

does lead to an improved electrocatalytic activity, but the nitrogenated carbons are overall 

still poor electrocatalysts for the HER and the ECH. The work presented in this chapter did 

give insights into the ECH and how to investigate it. The effect of mass transport on the 

different KPIs is important. 

The poor electrocatalytic activity of the nitrogenated carbon film makes them less 

applicable as an electrocatalyst by themselves. They can however be used as a support for 

other electrocatalysts as will be explored in the next chapter. 
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Chapter IV 
 

4. MoS2 supported on N-carbon 

 

The results presented in this chapter have in part been published in peer-reviewed journals 

in the following articles: 

Hugo Nolan, Christian Schröder, Marc Brunet Cabré, Filippo Pota, Neill McEvoy, Kim 

McKelvey, Tatiana S. Perova, Paula E. Colavita: “MoS2/carbon heterostructured catalysts 

for the hydrogen evolution reaction: N-doping modulation of substrate effects in acid and 

alkaline electrolytes”, Carbon, 2023, 202, 70-80. 

 

Datasets presented in this chapter were the result of close collaboration with Dr. Hugo 

Nolan. The development and characterisation of the nitrogenated carbon films used as 

substrates were carried out by myself. The concept of the heterostructures was introduced 

by HN, who led the investigation of the HER. I expanded on the characterisation and used 

them for the investigation of their activity in the ECH. 
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4.1. Introduction 

Molybdenum disulfide (MoS₂) supported by nitrogen-doped carbon has emerged as a 

promising electrocatalyst for the HER,1 which makes it also a potentially promising 

candidate for applications in the ECH of organic molecules. The graphitic carbon support 

has been argued to enhance the conductivity allowing the use of MoS2 which is a 

semiconducting material. By choosing a graphitic carbon support with a 3D structure, the 

specific surface area of heterostructured catalysts can also be increased to obtain high 

performing electrodes in the HER. Nitrogen doping of the carbon support has also been 

argued to further tune the intrinsic activity of MoS2, increase its stability, while proving 

beneficial for the growth of MoS2.2 This makes MoS2/N-carbon heterostructures materials 

of interest also for the ECH of organic molecules. 

Many studies investigated MoS2/N-carbon materials in the HER3-7 and similar 

heterostructures have gained attention for electrocatalytic CO2 reduction (CO2RR) 

applications.8, 9 However, as most of the work has been carried out using nanostructured 

electrode materials with complex 3D architectures it is difficult to understand and 

deconvolute the activity of these materials. Nanostructure and porosity often make it 

difficult to distinguish improvements in performance that arise from changes in intrinsic 

activity of the material and nitrogen functionalities, from those arising from mass transport 

and specific surface area effects. Furthermore, studies on the electrochemical 

hydrogenation of organic molecules using MoS₂ on nitrogenated carbon are scarce 

indicating this as a knowledge gap and a potential area of application for these interesting 

materials.  

To gain a deeper insight in the activity of MoS2/N-carbon materials in the HER and the 

ECH, model electrodes were synthesised and employed in this work. The goal was to 

generate heterostructures with controlled morphology and a high contact area between the 

carbon film and the MoS2. As a route for synthesis of MoS2 a close proximity precursor 

method, previously reported by O’Brien et al.10 This method yields monolayers of MoS2, 

when growing onto silicon wafers. In this chapter, the synthesis route got adapted and 

expanded to grow the MoS2 onto the nitrogenated carbon films presented in chapter 3. As 

substrate an-C:NGraphitic and an-C:NPyridinic will be chosen. For one these films showed 

beneficial results in the HER and ECH, and secondly, the CVD of MoS2 occurs at 

temperatures of 750°C, making only films annealed at higher temperatures applicable. 
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Using the two different films will allow to investigate the effect of different nitrogen 

functionalities on the electrochemical activity of the materials. Further, different potentials 

and varying concentrations will be examined to better understand the behaviour of the 

heterostructures. First, the synthesis and characterization of thin film MoS2/C 

heterostructured electrodes will be discussed. Then their activity in the HER will be 

investigated and, finally, the ECH of benzaldehyde will be tested to experimentally assess 

their potential.  

 

4.2. Synthesis and characterisation 

Electrochemical synergies between nitrogenated carbon substrates and molybdenum 

disulfide were investigated by synthesising MoS2/N-carbon heterostructures. The 

nitrogenated carbon films from the previous chapter were used as support, and a CVD 

process was used to grow the MoS2 directly onto the carbon. Through this, good electrical 

contact between the support and the MoS2 could be achieved. The method used was first 

reported by O’Brien et al.10 and had been developed to allow growth of mono/few layer 

MoS2 onto Si wafers. This approach was extended to grow MoS2 on nitrogenated carbon 

thin films. Exfoliated MoO3 is first drop-cast as a precursor onto a Si wafer to serve as a 

seed layer. The seed wafer was placed in close contact against the carbon thin film substrate 

and the precursor was then vaporized in close proximity, within the microreactor setup 

shown in Figure 4.. The sulfur vapour was generated in a second hot zone upstream from 

the substrate position and reacted to form MoS2 at the carbon surface. 

 

Figure 4.1 Schematic of the close proximity setup used to grow MoS2.  
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An image of the MoS2 grown onto nitrogenated carbon on a glassy carbon plate is shown 

in Figure 4.. It can be seen that the growth occurs over the entire surface but is non 

homogenous in thickness/coverage.  

 

Figure 4.2 Image of MoS2 grown on an-C:NGraphitic on a GC plate (2×1 cm2) used for 

electrolysis. 

 

The heterogeneity can also be seen in the optical microscopy images in Figure 4.. The 

growth of the film occurs as small islands, which can be observed more clearly in Figure 

4.3b. The darkfield image in Figure 4.3c shows a microstructure present across the surface, 

indicating a polycrystalline nature of the MoS2.  

 

Figure 4.3 Optical microscopy of MoS2/an-C:NGraphitic in (a, b) bright field and (c) dark 

field. 

 

The presence of MoS2 was investigated using Raman spectroscopy. Figure 4.4 shows the 

average Raman spectrum obtained from a scanning Raman experiment across a 40×40 µm2 

area. The spectrum shows the characteristic D- and G-band of graphitic carbon around 

1200 and 1600 cm-1, respectively.11 In addition to this a doublet can be seen between 350 

and 400 cm-1. This doublet is assigned to the presence of MoS2.12  
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Figure 4.4 Average Raman spectra of a 40 × 40 μm area with 40 × 40 spectra obtained 

over this area of a MoS2/an-C:NGraphitic on a GC plate, with the characteristic signals for 

MoS2 (green) and carbon (grey) shown. 

 

The spectrum suggests that the nitrogenated carbon is still intact after the CVD process 

and the MoS2 was successfully grown onto it, as the signal is consistent with that of N-

carbon films. This fact is supported by the fact that the Raman spectra of GC looks very 

different to the signal seen here (shown in the Appendix). Indicating that the graphitized 

film remains present after MoS2 growth. The Raman spectrum indicates growth of MoS2 

in the 2H morphology, as the 1T’ phase would lead to Raman peaks around 150, 220 and 

335 cm-1.13 A heat map of the intensity of the MoS2 peak, together with an optical image 

of the probed area are shown in Figure 4.. The intensity map shows the presence of MoS2 

signals across the entire probed surface, which indicates that the whole surface is covered 

by MoS2, as far as the resolution of the Raman microscopy image allows (~ 1 µm) to probe. 

The heat map shows that the edge of the ’islands’ is brighter, suggesting a higher density 

of MoS2 at their edges. 
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Figure 4.5 (a) Optical image of MoS2/an-C:NGraphitic with the 40 × 40 μm area of the 

Raman scan shown in red. (b) Heat map of intensity maximum between 350 and 450 cm-1 

of the 40 × 40 spectra scanned over the area. 

 

The composition of the heterostructured films was investigated using XPS. Survey spectra 

of MoS2 grown on an-C:NGraphitic and an-C:NPyridinic are shown in Figure 4.. Both survey 

spectra show peaks at binding energies corresponding to O 1s (532 eV), 

Mo 3p/N 1s (400 eV), C 1s (285 eV), Mo 3d (230 eV) and S 2p (164 eV).14 The XPS was 

carried out on heterostructures deposited on Si wafers, but no Si signal was observed in 

the XPS, further supporting that the heterostructure provides full coverage of the Si 

surface, even after CVD of MoS2. Quantification of the samples was done from high 

resolution spectra. The obtained results are summarized in Table 4.1. Analysis of the 

nitrogen composition was not possible, as the N 1s core level overlaps with the Mo 3p core 

level. 

 

Figure 4.6 XPS spectra for MoS2 supported by an-C:NGraphitic and an-C:NPyridinic on a silicon 

wafer. 
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Table 4.1 Atomic composition of MoS2 grown on an-C:NGraphitic and an-C:NPyridinic. 

 MoS2 an-C:NGraphitic MoS2 an-C:NPyridinic 

Mo (%) 18.4 15.1 

S (%) 30.9 25.7 

O (%) 13.3 9.2 

C (%) 37.4 50 

 

Best fits were obtained for the S 2p and the Mo 3d core level, shown in Figure 4.. The best 

fits for the Mo 3d peak were obtained by fitting one doublet corresponding to Mo+4 and 

one doublet corresponding to Mo+6, with the 3d5/2 peaks at 229.5 eV and 233 eV, 

respectively.15, 16 In addition to the two doublets a peak to account for the S 2s core level 

was fitted at 226.5 eV. The S 2p peak was fitted using a doublet with the 2p3/2 peak at 

ca. 164.5 eV.17  

 

Figure 4.7 Best fits for the XPS spectra of the (a)(b) Mo 3d and (c)(d) S 2p core level for 

(a)(c) MoS2 on an-C:NGraphitic and (b)(d) MoS2 on an-C:NPyridinic. 
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Best fits were used for determination of the stoichiometry of the Mo S2, by correlating the 

contribution of the Mo+4 peak to the S 2p peak area. Results summarised in  

Table 4.2 4.2 show that the CVD process yielded a slightly sub stoichiometric 

molybdenum disulfide, with MoS1.93 and MoS1.96 stoichiometries for CVD growth onto 

an-C:NGraphitic and an-C:NPyridinic. The %-contributions of Mo+4 to the total Mo signal were 

also found to be similar on both carbon substrates. The negligible differences observed 

suggest that the growth of MoS2 occurs independently of the degree or type of 

nitrogenation of the carbon. 

 

Table 4.2 Percentage of MoS2 and ratio of S:Mo obtained for MoS2 grown on the two 

nitrogenated carbons. 

 MoS2 in Mo S:Mo 

MoS2 an-C:NGraphitic 86.9% 1.93 

MoS2 an-C:NPyridinic 87.3% 1.96 

 

SEM imaging gave insights on the morphology of the MoS2/an-C:N heterostructures. 

Figure 4.a shows the SEM image of MoS2/an-C:NGraphitic; the heterogeneity can be seen, as 

well as a structured surface. Figure 4.8b shows the SEM image of the heterostructured film 

peeled off a Si wafer with a razor blade. It can be seen that a polycrystalline film is grown 

over large parts of the surface of the underlying film. A more detailed picture was obtained 

via TEM imaging of the peeled film, as shown in Figure 4.8c and 4.8d. Figure 4.8c 

evidences the polycrystalline nature of the film and the presence of carbon underlayer. The 

average crystallite size in this region was found to be 53 ± 8 nm. On the edges of some 

crystals the layered structure of the MoS2 can be seen, as highlighted in Figure 4.8d. The 

spacing was found to be 0.74 ± 0.1 nm, which is in the range of the spacing of 0.65 nm 

reported for MoS2.18 
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Figure 4.8 (a)  SEM image of MoS2/an-C:NGraphitic with InLens detector. (b) SEM image 

of the heterostructure peeled of a Si wafer. (c)(d) TEM images of the peeled of 

MoS2/an-C:NGraphitic. 

 

Overall, these results suggest that MoS2 was successfully grown on the nitrogenated carbon 

substrate. A polycrystalline film that covers the majority of the carbon substrate was grown. 

The conductive carbon support is still present after the CVD process and there seems to be 

close contact between the MoS2 and the nitrogenated carbon. No significant difference 

between the growth on an-C:NGraphitic and anC:NPyridinic was found. 

 

4.3. MoS2/N-carbon as electrocatalyst 

4.3.1. Hydrogen evolution reaction 

The electrochemical response of the synthesised MoS2/N-carbon films was first 

investigated in the HER. Linear sweep voltammetry in 0.1 M H2SO4 as well as the obtained 

descriptors for the HER are shown in Figure 4.. The voltammograms show that the current 

response for the MoS2 grown on the two nitrogenated carbons does not differ significantly. 

For both films a clear improvement of the HER response was found compared to the N-

carbon films. An overpotential at 1 mA/cm2 of ca. 0.3 V vs RHE was found for the 

heterostructured films, which is a notable improvement compared to the bare metal-free 

carbon films, where the onset was found to be around -0.7 V as discussed in chapter 3. 
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Finally, the overpotential of the heterostructured electrodes is in good agreement with 

values observed in the literature for MoS2 on other carbon supports.19, 20  

 

Figure 4.9 (a) Linear sweep voltammograms at 2 mV/s of MoS2 grown on an-C:NGraphitic 

and an-C:NPyridinic in 0.1 M H2SO4, and the obtained (b) overpotentials at 1 mA/cm2, (c) 

Tafel slopes and (d) exchange current densities. Adapted from Nolan et al.21 

 

A further comparison of the observed HER activity descriptors and values reported in 

literature for MoS2 on different support materials is shown in Table 4.3. The Tafel slope of 

ca. 120 mV indicates that for the films the Volmer step is rate determining.22 An exchange 

current density between -2.5 and -3 log(mA/cm2) was found for both films, indicating good 

activity in the HER; these values are in good agreement with those reported for other MoS2 

electrodes, as summarised in Table 4.3. This indicates that the synthesis route effectively 

“wires” the MoS2 to the nitrogenated carbons. 
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Table 4.3 Comparison of onset potential, Tafel slope and exchange current density for the 

HER in acidic conditions on MoS2 materials reported in literature. 

 η@1mA/cm2 

(V vs RHE) 

Tafel Slope 

(mV) 

log(j0) 

(mA/cm2) 

Reference 

MoS2/an-C:NGraphitic 

0.1 M H2SO4 

-0.299 ± 0.008 117 ± 12 -2.47 ± 0.1 
This 

Work 

MoS2/an-C:NPyridinic 

0.1 M H2SO4 
-0.294 ± 0.035 100 ± 5 -3 ± 0.5 

This 

Work 

MoS2 on Au 

0.5 M H2SO4 

ca. -0.16 92 -2.8 23 

MoS2 on GC* 

0.5 M H2SO4 
ca. -0.32 105-120 -5.65 24 

MoS2 on Toray 

0.5 M H2SO4 

ca. -0.29 120 -5.3 20 

MoS2 on GC** 

0.5 M H2SO4 
ca. -0.13 64 -1.65 19 

MoS2
*** 

0.5 M H2SO4 
ca. -0.21 104 -4.85 25 

*Vertically aligned; **monolayer;***mechanically activated 

 

The current response of the linear sweep voltammetry in alkaline conditions (0.1 M KOH) 

is shown in Figure 4.. The Tafel slopes for both of the nitrogenated carbon supports were 

found to be greater than 180 mV, suggesting a difference in the nature of the rate limiting 

step under alkaline conditions as the most probable explanation.26 In alkaline conditions a 

difference between the MoS2 supported on the two nitrogenated carbons is visible. The 

MoS2 grown on an-C:NGraphitic performed well in alkaline conditions. The onset potential 

was found to be slightly more cathodic compared to that in acid electrolytes. The HER on 

MoS2/an-C:NPyridinic thin film electrodes seems to be significantly suppressed, resulting in 

a more cathodic onset potential. This increase is less significant when comparing 

η@1mA/cm2 values but is clearly visible from a comparison between the LSV waveforms. 
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Figure 4.10 (a) Linear sweep voltammograms (2mV/s) of MoS2 grown on an-C:NGraphitic 

and an-C:NPyridinic in 0.1 M KOH, and the obtained (b) Overpotentials for 1 mA/cm2, (c) 

Tafel slopes and (d) Exchange current densities. Adapted from Nolan et al.21  

 

Overall, results indicate that for MoS2 in acid there is no evidence that N-functionalities at 

the carbon support have an impact on the HER activity or its rate limiting step. Given that 

LSVs obtained via normalization by geometric area yield the same trends, we conclude 

that the total density of active sites at pH 1 is similar independent of the distribution of 

N-functionalities displayed at the carbon thin film supports. On the other hand, clear 

differences emerge at pH 13, and the significant loss of activity observed for MoS2 at 

an-C:NPyridinic relative to an-C:NGraphitic supports indicates that the chemistry of the 

N-functionalities plays an important role in promoting/inhibiting HER activity under 

alkaline conditions. 

The difference in the HER activity in alkaline electrolyte could be due to differences in the 

basicity of the N-functionalities present in the carbons. If a pKa for pyridinic groups is 

assumed to be similar to the one of pyridine (pKa = 5.2), a change in pH from 1 to 13 would 

lead to almost no pyridinic groups being protonated (> 99% at pH 1; < 1 ppm at pH 13). 

This would result in the lone pair of the deprotonated pyridinic group to be involved in 
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coordination with Lewis-acids, which is known to take place for example for CO2 

chemisorption.27, 28 If pyridinic sites are present at the MoS2-carbon interface, a change in 

pH is expected to change the electrostatic interactions between the two phases. The basicity 

of graphitic nitrogen is known to be negligible compared to pyridinic nitrogen sites,28-30 

which is consistent with the lack of pH dependence on the HER activity for 

MoS2/an-C:NGraphitic. To further investigate this, a deeper study of the pH dependence 

would be needed. 

The known chemistry of pyridinic nitrogen could explain the observed behaviour in the 

HER in alkaline conditions. We suggest that deprotonation and the resulting availability of 

the lone-pair leads to suppression of the HER by deactivation of some of the active sites. 

A similar behaviour was reported by the group for metal-free carbon electrodes in the ORR, 

where the observed overpotentials changed significantly at pH values close to the expected 

equivalence point of pyridinium cations.31  

The MoS2 activity in electrocatalysis in alkaline conditions is not yet well understood. 

There is evidence that undercoordinated Mo sites are critical for HER activity.  Lewis et 

al. reported sensitivity of overpotentials against the degree of crystallinity in acidic 

conditions,32 while in alkaline conditions an insensitivity to edge/boundary exposure was 

reported. The authors concluded that in acidic conditions edge sites are the dominating 

active sites in the HER, while in alkaline solution the basal plane sites become dominant. 

Li et al.33 further examined the interplay between S-vacancies, MoS2 crystallinity and pH 

conditions, and showed that undercoordinated Mo sites are active at both pH 0 and pH 13. 

Detailed computational studies of the kinetic barriers involved in the HER at sulfur 

vacancies reported by Huang et al.34, 35  further support the role of Mo-centres in the HER; 

their most recent work confirms that S-vacancies at basal planes are active at both pH 0 

and pH 14, with the mono-hydride species MoS-H being the key active site and dihydride 

formation being the limiting step. 

The above results suggest that the extent of TMDC-substrate coupling to Mo-centres at or 

near S-vacancies should have significant effects on activity, as a good coupling is needed 

for electrocatalytic activity. The interactions that modulate coupling at Mo-centres in the 

basal plane might be particularly important to explain activity changes in alkaline 

electrolytes. Pyridinic N-functionalities offer an attractive and rather unique route to 

achieving pH-switching of TMDC-carbon coupling to Mo-centres. At low pH, sulfide-

pyridinium interactions across the MoS2 plane are electrostatically favourable and can 
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facilitate a close approach of Mo-centres to the conductive carbon support. At high pH, on 

the other hand, sulfide-lone pair interactions are repulsive, and should therefore decrease 

the TMDC-support coupling. Interestingly, the switching behaviour should affect isolated 

Mo-centres at basal plane S-vacancies to a greater extent, as these are surrounded by 

sulphide neighbours, while undercoordinated Mo at edges would be less affected by 

repulsive interactions between the carbon and the sulfide plane and might even be 

stabilized by the Mo–N Lewis acid-base interactions, as proposed in computational 

studies.36 

It is interesting to note that the recent work by Qin et al.36 on few-layer MoS2 supported 

on N-doped graphene shows that pyridinic-N is positively correlated with HER activity in 

both acid and base. The apparent contradiction between their findings and ours is however 

resolved when noting that the TMDC/N-graphene electrocatalysts used in their work 

consist of vertically aligned MoS2 layers relative to the N-graphene planes. In fact, their 

computational results confirm that attractive interactions between undercoordinated Mo-

centres at edges and pyridinic-N stabilize edge-on assembly of the two 2D nanomaterials, 

while stable parallel geometries were not observed. In the case of our work, the use of a 

thin film carbon electrode as substrate for the CVD growth forces the formation of large 

areas of basal plane MoS2-carbon contacts, leading to average TMDC-carbon contact 

distances that will strongly depend on the presence of protons for screening sulfide-lone 

pair repulsions. 

 

4.3.2. ECH of benzaldehyde on MoS2 on N-carbon 

The LSV curves in the presence of benzaldehyde are shown in Figure 4.. It can be seen 

that the presence of benzaldehyde leads only to a slight suppression of the HER and the 

measured currents. No cathodic peaks were observed in either H2SO4 or Na2SO4 

supporting electrolyte. The suppression of the HER current, observed on the 

MoS2/an-C:NGraphitic is less pronounced compared to the suppression found in bare carbons. 

The suppression of the HER in the presence of benzaldehyde can potentially indicate to 

adsorption and competition over the catalytic sites.37 
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Figure 4.11 Current response of linear sweep voltammetry (2 mV/s) om 0.1 M H2SO4 and 

Na2SO4 with (solid lines) and without (dashed lines) 10 mM benzaldehyde on MoS2/an-

C:NGraphitic heterostructures. 

 

On the heterostructured electrodes, the suppression observed in the cathodic current is less 

prominent compared to the ones observed on the bare carbons in Chapter 3. This could 

indicate that the relatively high activity in the HER, results from preferred adsorption of 

the hydrogen. This is supported by looking at the adsorption strength of benzaldehyde on 

the materials. Patil and Caffrey have reported similar adsorption energies for benzaldehyde 

on MoS2 and on graphene.38 If similar binding is assumed, the lower suppression is likely 

due to differences in activity towards hydrogen activation and adsorption. 

To investigate differences between the electrocatalytic response of MoS2 grown on the two 

different nitrogenated carbons, electrolysis in acidic conditions was carried out for 4 h 

under static conditions at -0.8 V vs Ag/AgCl and with 10 or 20 mM concentration of 

benzaldehyde. The reduction rate and the faradaic efficiencies are shown in Figure 4.. 

While no difference was observed for the reduction rate with 10 mM benzaldehyde, 

MoS2/an-C:NGraphitic shows a slightly better faradaic efficiency. A similar observation was 

made for electrolysis with a 20 mM concentration. For both types of heterostructures an 

increase in reduction rate and faradaic efficiency was observed. As was the case for the 

lower concentration of benzaldehyde, a better faradaic efficiency for organic reductions 

was observed for the MoS2 grown on the carbon with more graphitic nitrogen. The slightly 

better faradaic efficiency on an-C:NGraphitic supported MoS2 is the reason while only this 

type of electrode is used in the rest of this work.  
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Figure 4.12 (a, c) Reduction rates of benzaldehyde and (b, d) faradaic efficiencies after 

4 h electrolysis experiments at MoS2 grown on the nitrogenated carbon support with a 

concentration of  (a, b) 10 mM and (c, d) 20 mM benzaldehyde in 0.1 M H2SO4 

at -0.5 V vs RHE without stirring. Error bars indicate standard errors. 

 

The potential dependence under static conditions was tested in a first step, to gain more 

insights into the ECH response of the MoS2/N-carbon heterostructures. A benzaldehyde 

concentration of 10 mM was used and the potential was applied for 4 h. The obtained 

descriptors are shown in Figure 4.. It can be seen that with increasing cathodic potential 

the reduction rate of benzaldehyde increases. A similar trend was observed for the 

production rates of benzyl alcohol and hydrobenzoin. Generation of the dimerization 

product starts only at an applied potentials of -0.5 V vs RHE. This can also be seen in the 

selectivity, where only benzyl alcohol is produced at potentials less cathodic than -0.5 V. 

The faradaic efficiency of organic reduction increases from -0.3 V to -0.6 V, before 

decreasing again.  The relatively low faradaic efficiency could be due to the lack of stirring, 

which over the course of four hours leads to benzaldehyde depletion of the electrolyte in 

proximity of the electrode. 
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Figure 4.13 Results of electrolysis experiments using MoS2/an-C:NGraphitic. (a) Production 

rate for benzyl alcohol and hydrobenzoin, (b) selectivity towards benzyl alcohol, 

(c) reduction rate of benzaldehyde and (d) the faradaic efficiency in 0.1 M H2SO4 with 

10 mM benzaldehyde without stirring. 

 

Figure 4. shows a comparison of electrolysis in 10 and 20 mM benzaldehyde solutions. 

The reduction rate and faradaic efficiency increase significantly by increasing the 

concentration of organic substrate. The mean selectivity towards benzyl alcohol appears to 

decrease slightly when more benzaldehyde is present, although the change is not 

statistically significant. 

 

Figure 4.14 Comparison of  (a) reduction rate (b) selectivity towards benzyl alcohol and 

(c) faradaic efficiency obtained for electrolysis on MoS2/an-C:NGraphitic with 10 and 

20 mM benzaldehyde in 0.1 M H2SO4 at -0.5 V vs RHE without stirring. 
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These results show that the heterostructured electrodes have a higher production in the 

ECH of benzaldehyde compared to the bare nitrogenated carbons. The appearance of 

hydrobenzoin at more cathodic potentials was observed for the nitrogenated carbons as 

well and could be due to a change in reaction mechanism. The overall production, and 

reduction rates are still low, indicating that the mass transport might be limiting the 

reaction, which brings the need for forced convection and stirring of the electrolyte. In the 

following, electrolysis was carried out for 30 minutes with 20 mM benzaldehyde in 

0.1 M H2SO4 with a stirring speed of 500 rpm. 

The production and reduction rates as well as the selectivity for benzyl alcohol are shown 

in Figure 4. for the heterostructures. The production rate increases with more cathodic 

potentials and as observed for electrolysis under static conditions, the production of 

hydrobenzoin occurs only at potentials more cathodic than -0.5 V vs. RHE. At a cathodic 

potential of -0.7 V vs. RHE the production rate for the dimerization is superior that of 

benzyl alcohol. This trend is clearer in the selectivity, which decreases to less than 50% for 

electrolysis at -0.7 V. Comparing the rates under stirring with the ones without stirring a 

significant difference is observed at lower potentials, and less for high cathodic potentials. 

The reason for this could be in the high degree of dimerization at more cathodic potentials 

or in higher HER activity, which leads to the formation of bubbles and thereby to 

convection of the electrolyte even in the absence of mechanical agitation. 

The faradaic efficiency of the benzaldehyde reduction (Figure 4.15d) was found to increase 

from <5% at -0.8 V to ca. 12% at -0.7 V vs. RHE, with the majority of current contributing 

to the HER. The FE for the production of benzyl alcohol slightly increases with increasing 

cathodic potential until -0.6 V vs. RHE. At more cathodic potentials the FE seems to drop 

down, similar to the selectivity, resulting in more production of hydrobenzoin and similarly 

higher FE for the hydrobenzoin production. There is, as was observed for the production 

rates, not much difference between results obtained under quiescent or stirred conditions. 
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Figure 4.15 (a) Production rate (b) selectivity and (c) reduction rate and (d) faradaic 

efficiency for electrolysis on MoS2/an-C:NGraphitic with 500 rpm with 20 mM benzaldehyde 

in 0.1 M H2SO4. 

 

The production rates show that the trends for benzyl alcohol and hydrobenzoin differ. 

While it appears that the alcohol production rate increases gradually with more cathodic 

potentials, the production rate for hydrobenzoin shows a drastic jump 

between -0.6 and -0.7 V vs. RHE. This increase in dimerization rate, which goes hand in 

hand with the decreased selectivity towards benzyl alcohol, suggests that there could be a 

potential-dependent change in the mechanism of the ECH. 

To classify the performance of the MoS2/an-C:NGraphitic heterostructured electrocatalyst and 

to make it comparable with other catalyst materials reported in literature, the loading of 

MoS2 was quantified. This was done by electrooxidizing the MoS2 as previously reported 

by Bonde et al.20 A representative cyclic voltammetry for this is shown in Figure 4.16. On 

the first scan, a cathodic current, representative of the HER is seen. On the first anodic 

scan, around 0.5 V vs. Ag/AgCl a peak is visible. On the second scan, the HER current on 

the cathodic end is negligible and the oxidation peak is no longer visible. This peak can be 
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attributed to the oxidation of MoS2, with the, by Bonde et al. proposed reaction shown 

below. From the charge of the peak, the loading of MoS2 can thus be determined.  

 MoS2 + 7 H2O → MoO3 + SO4
2− + 1

2⁄ S2
2− + 14 H+ + 11 e− ( 4.3 ) 

 

For the electrodes used in this work an average loading of 6.4 ± 3 nmol/cm2 was found. 

This  loading translates to a mass loading of about 1 μg/cm2. This is significantly smaller 

compared to values used in literature. A comparison is shown in Table 4.4.  

 

Figure 4.16 Representative cyclic voltammogram (2 mV/s) for the oxidation of MoS2 in 

0.1 M H2SO4. 

 

Table 4.4 Comparison of MoS2 mass loading reported in literature with this work. 

 Mass Loading Reference 

CVD MoS2 1 μg/cm2 This Work 

MoS2 on carbon black 0.14 – 1 mg/cm2 39 

MoS2 / Carbon 0.07 - 0.28 mg/cm2 1 

MoS2 on GC 0.28 mg/cm2 40 

 

With the loading of MoS2, the production rates can be normalised to the loading of MoS2 

and a turnover frequency (TOF) can be obtained (Figure 4.17) assuming that at lower 

potentials the activity of the N-carbon is negligible. The TOFs of the catalyst follow the 

same trend. The TOF for the ECH at -0.5 and  -0.6 V vs. RHE changes only slightly from 

0.13 s-1 to 0.17 s-1  respectively. ECH at -0.7 V vs. RHE leads to a tenfold increase in the 

TOF, again supporting the idea that there is a change in the reaction pathway. 
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Figure 4.17 (a) Production rate and (b) turn over frequency, normalised by the loading of 

MoS2. 

 

The normalisation for MoS2 loading considers any homogeneities during the synthesis of 

the films and makes it possible to compare the material with literature. Lopez-Ruiz et al.41 

investigated the ECH of different organic compounds on different metals. The authors 

report a TOF for Pd, the ‘gold’ standard of ECH for benzaldehyde, of around 500 h-1 

at -1.2 V vs Ag/AgCl in an electrolyte composed of 47.5 wt % isopropanol, 47.5 wt % 

H2O, and 5 wt % acetic acid. The reported TOF of around 500 h-1 is similar compared to 

the performance of the MoS2/an-C:NGraphitic heterostructure presented in this work, which 

translates to reduction rates of 468 h-1 and 612 h-1 for ECH at  -0.5 and  -0.6 V vs RHE 

respectively. While Lopez-Ruiz et al. report higher faradaic efficiencies, it needs to be 

mentioned, that the reaction conditions are not the same, with a different electrolyte and 

higher benzaldehyde concentration in the cited work.  

Song et al.42 also investigated the ECH of benzaldehyde on different carbon supported 

metals and found TOFs from below 500 h-1 up to around 4000 h-1 in a potential range 

between -0.5 and -0.9 V vs. Ag/AgCl (ca. 0 to -0.4 V vs. RHE) on Rh/C, Pt/C and Pd/C. 

These materials show a higher activity in the ECH and achieve similar TOFs to the ones 

presented in this chapter, at lower potentials. By optimising the electrolyte and reaction 

conditions an improved activity on the MoS2/N-carbon heterostructures should be 

achieved. The comparison of the performance of the MoS2/an-C:NGraphitic to the 

performance on the metals reported in literature, shows that the approach of our 

heterostructured catalyst material is promising, especially considering the significant lower 

price of MoS2 compared to the precious metals. 
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Even with a relatively low loading of MoS2 compared to other reports in literature, it was 

possible to obtain promising electrocatalytic activity. The effect of an increased mass 

loading should be investigated in future works.  

The significant increase in organic reduction at -1 V suggests a change in the reaction 

pathway of the hydrogenation. Cantu et al.43 reported the potential dependent free energies 

for different reaction pathways for the reduction of benzaldehyde. According to the 

authors, at less cathodic potentials a concerted reaction mechanism is more favourable, 

which is the addition of an adsorbed hydrogen. At more cathodic potentials, a sequential 

electron and proton transfer will have lower free energies, resulting in a higher rate of ketyl 

radical formation, which will lead to more dimerization. The report found that the potential 

at which the change of most favourable pathway occurs is dependent on the catalyst 

material. The group of Lessard have previously reported the difference between 

electrocatalytic hydrogenation and a reaction pathway they call electronation-

protonation.44 The electronation-protonation pathway will lead to an increased production 

of ketyl radicals, which will lead to more hydrobenzoin produced. 

The investigated MoS2/an-C:NGraphitic heterostructures show good performance, e.g. high 

selectivity towards benzyl alcohol with promising production rates/TOFs. The relatively 

low faradaic efficiencies compared to some of the metal catalysts reported in literature 

indicate that the catalyst’s performance in the HER still remain dominant under the tested 

conditions. Future work should focus on changing the reaction conditions, namely pH and 

organic concentration to supress the HER and try to maintain the ECH activity. 

 

4.4. Conclusion 

The MoS2 did not grow in a mono- or few-layer form. Instead, the CVD process using 

N-carbon as a growth substrate resulted in a polycrystalline film of MoS2. Characterisation 

indicated coverage with MoS2 over the entirety of the film. The growth of the MoS2 seems 

independent of the nitrogenation of the carbon. 

The heterostructures showed good activity in the HER, with a suppression of the HER in 

alkaline conditions for the MoS2 grown on an-C:NPyridinic. This indicates an effect of a 

deprotonation/protonation equilibrium of the pyridinic nitrogen groups and resulting 

attraction or repulsion between the N-sites and the MoS2. This indicates that the obtained 
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MoS2 layer is not fully covering the carbon film, resulting in interactions of the carbon 

with the electrolyte. Further investigation of this mechanism would be needed.  

The high activity in the HER in acidic conditions, resulted in a low faradaic efficiency of 

the heterostructures in the ECH of benzaldehyde. In contrast to the bare nitrogenated 

carbon, did the HER activity result in enough convection, so that stirring did not seem to 

add any benefit. While these results do not seem to be promising, the obtained production 

rates and TOFs were in a range comparable to metal electrocatalysts.  

Future studies on these heterostructures will look at the effect of reaction conditions on the 

electrocatalytic hydrogenation. Choosing higher pH values and higher concentrations, 

which has been shown to lower HER currents on electrocatalysts, could potentially lead to 

an improved ECH activity, especially an improved faradaic efficiency. Increasing the pH 

will potentially bring a difference between an-C:NGraphitic and an-C:NPyridinic, as was 

observed for the HER. 
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5.1. Introduction 

While precious metals like platinum remain highly effective electrocatalysts, transition 

metals provide a more accessible and cost-effective alternative without too much 

compromise on the electrocatalytic activity. This can be seen in Figure 5.1. showing linear 

sweep voltammetry measured on polished disc electrodes of  Pt, Au, Cu and GC disk 

electrodes in acidic conditions.  While copper has a higher overpotential for the HER, the 

lower price and availability compared to precious metals makes it a sought after material 

in electrocatalysis. For this reason, copper has been intensively studied as an 

electrocatalyst in the ECH.1-8 

 

Figure 5.1 Linear sweep voltammetry at 2 mV/s in 0.1 M H2SO4 on platinum, gold, copper 

and glassy carbon disc electrodes. 

 

Copper is widely used in electrocatalytic applications. In the reduction of CO2, Cu is often 

used to produce multi carbon molecules.9 This tendency of the copper to be able to catalyse 

carbon-carbon coupling reactions has also been shown in the ECH.10, 11 While C-C coupled 

products are often desired, a high selectivity for the full hydrogenation or the dimer product 

is still desired.  

Carbon encapsulation is a promising strategy to improve the stability and modulate the 

activity of metals in electrocatalysis. In this chapter it will be shown that carbon-copper 

heterostructured electrodes offer an interesting alternative strategy for modulating activity 

and selectivity in ECH processes relative to the performance at bare metal electrodes. 

Metal-carbon heterostructures in which the metal is encapsulated or partially encapsulated 

(M@C) have been exploited successfully for electrocatalysis of other cathodic processes12, 

13 but have received limited attention in the ECH of organics.14, 15  
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The results of this chapter report on the investigation of the effect of encapsulating 

sputtered Cu films using amorphous carbon layers. While many transition metals would 

corrode in the conditions of the ECH, Cu offers a decent stability, allowing to investigate 

the effect of carbon layers. The goal of this was to maintain the electrocatalytic activity, 

while protecting the copper from the outside environment. For this, varying thicknesses of 

carbon was sputtered on Cu films and after spectroscopic and microscopic characterisation, 

the electrocatalytic activity of these materials was tested. 

 

5.2. Deposition of CuXC films 

Synthesis of the copper carbon heterostructures was done by sequential sputtering of a Cu 

layer followed by an amorphous carbon layer onto a Si wafer.16-18 For electrochemical 

studies a titanium adhesion layer was deposited first. The subsequent sputtering of copper 

and carbon was done without breaking vacuum, maintaining a pristine interface. The 

thickness of the copper was kept constant at around 35 nm and the deposition time of the 

carbon shell was varied. The obtained samples will be labelled CuXC, where X identifies 

the time of carbon deposition (4, 8, 16, 24 and 32 min). 

The samples were investigated using scanning electron microscopy. SEM images for bare 

Cu, Cu8C and Cu24C are shown in Figure 5.. The cross section of the bare Cu (Fig. 2b) 

shows a uniform average thickness of the Cu film. A columnar growth in the sputtered 

metal film can be seen. This microstructure is in agreement with the zone model of 

sputtering introduced before.19, 20 In top view (Fig 2a) the microstructure can also be 

discerned, with darker areas in the SEM contrast, indicating valleys or troughs. With 

sputtering of carbon, the structure of the film becomes less clear in top view (Figure 2b 

and 2c). For Cu8C the carbon deposition leads to reduced resolution of the darker areas 

due to the carbon coverage, which become almost indistinguishable in Cu24C. In the cross 

sections  of the CuXC films an underlayer can be seen, which seems to be rich in voids, 

which is covered by an amorphous carbon layer of relative uniform density.  
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Figure 5.2 SEM images of  (a)(d) a sputtered Cu film, (b)(e) a sputtered Cu with 8min 

carbon deposition and (c)(f) a sputtered Cu with 24min carbon deposition. 

 

These results were supported by AFM images (Figure 5.) that show a decrease in RMS 

roughness for the Cu8C film, and an increase in RMS roughness with increasing carbon 

deposition. The roughness seems to level off for high carbon depositions. This could be 

suggestive of an incomplete filling of valleys/troughs in the Cu underlayer due to 

self-shadowing effects.21  

 

Figure 5.3 AFM images obtained for (a) bare copper, (b) Cu8C, (c) Cu16C, (d) Cu24C 

and (e) Cu32C. (f) The obtained RMS roughness for each sample (error bar for deviation 

within film). 
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The average mass coverage of carbon was determined using X-ray reflectivity 

measurements. An amorphous carbon film was sputtered for 40 minutes onto a Si wafer 

and probed with XRR. The resulting curve is shown in Figure 5.. The best fit was obtained 

by modelling the response of a Si substrate with an SiO2 passive oxide and a carbon layer. 

The thickness of SiO2 and carbon, and the roughness and density of the carbon film were 

used as fit parameters.  

Results yielded a best fit with carbon thickness of 56.7 nm and a density of 1.52 g/cm3. 

The sputtered carbon density is in satisfactory agreement with density values reported for 

dc magnetron sputtered a-C films.22 The obtained values for thickness and density were 

used to obtain a mass loading per minute, which was then used to calculate carbon mass 

coverage at CuXC electrodes reported in Table 5.1. 

 

Figure 5.4 X-ray reflectivity data and best fit obtained for an amorphous carbon film 

deposited for 40 min on a Si wafer. 

 

Table 5.1 Mass coverage and RMS obtained from XRR and AFM 

Sample 

Mass coverage 

(ng/cm2) 

RMS roughness 

(nm) 

Cu - 2.6 ± 0.1 

Cu4C 85  

Cu8C 170 2.1 ± 0.1 

Cu16C 340 3.1 ± 0.3 

Cu24C 510 3.6 ± 0.6 

Cu32C 680 3.6 ± 0.4 
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Scanning Raman spectroscopy was done to investigate the carbon coverage over 

macroscopic areas. Figure 5.5 shows the obtained Raman spectra at all pixel points and the 

corresponding intensity maps for the maximum peak from 1200 to 1700 cm-1. The spectra 

and the intensity maps show only minor variation, thus indicating uniform coverage over 

relatively large regions, with at least 40×40 µm2. Raman chemical maps indicate the 

C-shell coverage is evenly distributed over the Cu support within the spatial resolution of 

the Raman map (~ 1 µm). 
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Figure 5.5 Raman spectra obtained for each point of a scanning Raman map with intensity 

maps of the G-band of (a, b) Cu4C, (c, d) Cu8C, (e, f) Cu16C, (g, h) Cu24C 

and (i, j) Cu32C 
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From the scanning Raman spectra as well as from the average spectra shown in figure 5.6 

the characteristics of the Raman spectrum of amorphous carbon can be seen. In contrast to 

the spectrum of amorphous carbon deposited on a silicon wafer, the obtained spectra for 

the CuXC heterostructures show a higher intensity of the G band (around 1600 cm-1) 

compared to the D band (around 1200 cm-1). The overall intensity of the D and G bands 

grows and become better resolved as the mass coverage increases. These results suggest 

that for each mass coverage a relatively uniform carbon layer over macroscopic areas was 

achieved. 

 

Figure 5.6 Raman spectra of sputtered Cu and CuXC samples normalised to maxima of 

G band. 

 

The survey spectrum of the XPS of a bare copper sample is shown in figure 5.7. Peaks 

associated with Cu 2p (932 eV), O 1s (532 eV) and C 1s (284 eV)23, 24 are identifiable in 

the spectrum. The characteristic peaks for the Cu 2s (1196 eV), Cu LMM (570 eV), 

Cu 3s (122 eV) and Cu 3p (76 eV) can also be seen.25 

 

Figure 5.7 XPS survey spectrum of bare sputtered Cu. 
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High resolution spectra of the O 1s and the Cu 2p core levels are shown in Figure 5.8. Best 

fits of the doublet corresponding to the Cu 2p core level were carried out using a single 

component, associated with Cu0 or Cu+1, as their binding energies cannot be resolved. The 

presence of an oxide can be seen from the best fit obtained for the O 1s spectrum, where 

two components are required, one at 530.5 eV and one at 53.2 eV, assigned to a metal 

oxide24 and adsorbed water and advantageous carbonaceous oxides,18 respectively. The 

absence of a peak around 534 eV arising from Cu2+ in the Cu 2p spectrum indicates that 

the oxide is mainly Cu2O.23, 24 Comparing the amount of copper with the amount of copper 

oxide a ratio of O:Cu of about 2 was found, indicating that mostly Cu2O is present at the 

surface, which follows from exposure of the samples to the atmosphere.  

 

Figure 5.8 XPS core level of (a) Cu 2p and (b) O 1s of a bare sputtered  Cu film. 

 

Survey spectra for the CuXC (Figure 5.9) samples show an attenuation of the Cu peaks 

with increasing carbon deposition. The spectra show again the characteristic signals of the 

Cu 2p, the O 1s and the C 1s.  

 

Figure 5.9 XPS surveys of CuXC samples normalised to the intensity of the C 1s peak. 
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Quantification of the components was done through the high-resolution scans of the core 

levels, and the results are summarised in table 5.2. It can be seen that the signal of the 

copper becomes attenuated with increasing carbon coverage. This indicates that increased 

carbon coverages lead to progressive encapsulation of Cu nanostructures. The relative 

amount of oxygen and carbon for the films with higher carbon coverage is relatively similar 

around 10% and 90%, respectively. This suggests, that the O1s peaks arise exclusively 

from the O-content of the film. This is consistent with an increased carbon coverage with 

chemical composition of the carbon layer being independent of the total mass loading. As 

summarised in Table 5.3. 

 

Table 5.2 Atomic composition obtained from XPS high resolution core level spectra. 

 Cu at% O at% C at% 

Bare Cu 49 29 22 

Cu4C 5.9 17.4 76.8 

Cu8C 1 11.8 87.2 

Cu16C 0.1 10.1 89.8 

Cu24C - 11 89 

Cu32C - 9.1 90.9 

 

Best fits for the Cu 2p spectra were obtained with a single doublet assigned to Cu0/Cu+1 as 

was done for the bare Cu. For the Cu16C and higher carbon coverages no sensible fit could 

be done of the Cu 2p peak. The O 1s spectra and the best fit are consistent with the presence 

of a passive oxide, based on analysis of Cu4C and Cu8C, whereas for higher carbon 

depositions it was not possible to detect a copper oxide peak/component. Best fits of the O 

1s region were obtained using two components at 530 and 532.5 eV corresponding to the 

metal oxide and the O-containing groups in the carbon shell, respectively. The presence of 

a metal oxide peak in the O 1s spectrum indicates that the signal of the Cu 2p is most likely 

due to Cu2O. As there is no exposure to atmosphere between deposition of Cu and C, this 

suggests that the carbon shell on these samples does not avoid oxidation of the copper 

interface. Best fit of the C 1s peaks is shown in Figure 5.10. As previously discussed, the 

best fits were obtained using six components, assigned to sp2 (284.4 eV) and sp3 (284.9 

eV) centres, C-O (286.1 eV) and C=O (287.4 eV) species, COOH (288.8 eV) and the π-π* 

satellite (289.5 eV).  
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Figure 5.10 High resolution spectra and best fits in the C 1s, O 1s and Cu 2p regions for 

(a, b, c) Cu4C, (d, e, f) Cu8C, (g, h, i) Cu16C, (j, k, l) Cu24C and (m, n, o) Cu32C.  
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Table 5.3 Contribution of sp2 carbon and ratio of O:Cu derived from XPS analysis. 

 sp2 in C % Cu / O (CuxO) 

Bare Cu - 2.0 

Cu4C 56 1.5 

Cu8C 56.2 1.8 

Cu16C 56.6 - 

Cu24C 56.9 - 

Cu32C 55.9 - 

 

5.3. Electrocatalytic activity 

Linear sweep voltammograms of a polished Cu disk electrode and of sputtered copper in 

0.1 M H2SO4 are shown in Figure 5.. Compared to polished Cu, sputtered Cu films show 

a lower overpotential and higher current density, likely due to a higher microscopic area of 

the sputtered Cu film.   

 

Figure 5.11 LSV at 2 mV/s in 0.1 M H2SO4 on a polished Cu disc and a sputtered Cu 

electrode. 

 

LSVs of the CuXC electrodes in acidic conditions without any benzaldehyde are shown in 

Figure 5.. It can be seen that the carbon deposition on the copper has no visible effect on 

the HER performance of the material. The voltammogram of the CuXC electrodes show 

that the electrodes remain HER-active after fabrication of Cu@C heterostructures.  
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Figure 5.12 LSV at 2 mV/s in 0.1 M H2SO4 on sputtered CuXC electrodes. 

 

As amorphous carbon has no HER activity in this current range, as can be seen from the 

CV in the Appendix, the results suggest that the HER response of these Cu@C 

heterostructured electrodes remains dominated by Cu sites in the underlayer. This is 

supported by Tafel slopes remaining nearly constant for all CuXC electrodes which is 

consistent with kinetic currents being controlled by the same type of active sites.   

This can be seen more clearly in Figure 5.. The onset potential, the Tafel slopes and the 

exchange current densities that were found for the CuXC heterostructures seem 

independent of the carbon coverage. The Tafel slope, for the bare sputtered Cu and the 

CuXC films is in the range of 200 mV/s, which is significantly higher than values reported 

for copper electrodes. This is most likely the effect of the high degree of roughness and 

microscopic area.26 The obtained exchange current density for the CuXC materials is 

higher compared to literature values on Cu. Which can also be associated with the high 

degree of roughness. 

 

Figure 5.13 (a) Potential for 0.5 mA/cm2, (b) Tafel slope and (c) exchange current densities 

obtained for the HER on CuXC samples. 
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The lack of negative effects arising from carbon coverage on the HER performance was 

also investigated by using an evaporated copper electrode. Metal films obtained by electron 

beam evaporation are known to be smoother compared to sputtered films. A comparison 

between the evaporated copper, the sputtered copper and the copper disc in the HER are 

shown in Figure 5., together with the capacitance obtained by CVs of a different scan rate. 

It can be seen that the evaporated Cu has a similar onset potential compared to the Cu disc. 

At more cathodic potentials it seems that the evaporated Cu yields less current compared 

to the disc electrode. 

 

Figure 5.14 (a) LSVs (2 mV/s) in 0.1 M H2SO4 on a polished copper disc electrode, a 

sputter copper film and an evaporated copper film and (b) the capacitance obtained for the 

films through CVs in the non-faradaic region. 

 

The double layer capacitance of the three Cu electrodes is shown in Figure 5.14b; the bar 

chart indicates that the capacitance of the sputtered copper film is >4 times that of the 

copper disc. The evaporated copper in contrast exhibited a smaller increase in capacitance 

to the polished copper disc, indicating a lower microroughness. The Tafel slope, 

overpotential and exchange current density of the three copper electrodes is summarised 

in Table 5.4. 

Table 5.4 Comparison of overpotential, Tafel slope and exchange current density obtained 

on sputtered Cu, evaporated Cu and a Cu disc electrode. 

 η @ 1mA/cm2 

(V vs. RHE) 

Tafel slope 

(mV) 

Exchange Current 

Log (A/cm2) 

Cu disc -0.501 99 -8 

Evaporated Cu -0.504 114 -7 

Sputtered Cu -0.387 ± 0.01 198 ± 11 -5 ± 0.2 
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Figure 5.15 LSVs at 2 mV/s in 0.1 M H2SO4 on Sputtered CuXC (solid) and evaporated 

CuXC (dashed) films. 

 

The effect of carbon coverage on the HER was further tested on the evaporated copper film 

and the results in comparison to the sputtered CuXC are shown in Figure 5.. It can be seen 

that for a carbon deposition of eight minutes on the evaporated films the HER performance 

drops significantly. For depositions of carbon for two and four minutes the same trend was 

found as was the case for the sputtered films, where no effect of the carbon on the HER 

was found. This suggests that the amount of carbon coverage needed for suppression of 

the HER is dependent on the roughness of the copper underlayer, as the carbon seems to 

not form a closed layer on the Cu.  

The sputtered carbon copper heterostructures were tested in LSV experiments in acidic 

conditions in the presence of benzaldehyde, the obtained current responses are shown in 

Figure 5.. As for the LSV response in just sulphuric acid no effect of the carbon coverage 

can be observed. For all of the films a cathodic peak appears around -0.4 V vs. RHE, which 

is not observed in pure supporting electrolyte. 
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Figure 5.16 LSVs at 2 mV/s in 0.1 M H2SO4 with 20 mM benzaldehyde on (a) sputtered 

copper, (b) Cu4C, (c) Cu8C, (d) Cu16C, (e) Cu24C and (f) Cu32C. 

 

To investigate the performance of the CuXC electrodes, electrolysis experiments were 

carried out at the peak potential (-0.4 V vs RHE). Conditions were chosen as presented in 

the previous chapters, with an electrolysis time of 30 min, stirring at 500 rpm, and  

concentration of 20 mM benzaldehyde in 0.1 M H2SO4 supporting electrolyte. Figure 5. 

shows the reduction rate of benzaldehyde as well as the total faradaic efficiency of organic 

reductions. It can be seen that, similar to the results obtained for voltammetry, there seems 

to be no significant effect arising from the presence of carbon on the rate of benzaldehyde 

reduction or on the total faradaic efficiency; indeed, values remain relatively high with 
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approximately 70% of the charge contributing to the reduction of benzaldehyde rather that 

to the HER. 

 

Figure 5.17 (a) Total reduction Rate of benzaldehyde and (b) total faradaic efficiency 

obtained for the electrolysis of CuXC samples. 

 

A different trend is observed when examining the production rates and faradaic efficiencies 

of the two possible products of benzaldehyde reduction, as shown in Figure 5.. The rate of 

benzyl alcohol production increases for carbon coverages in the 85-170 ng/cm2 range 

(Cu4C and Cu8C) and decreases back to lower levels for higher carbon coverages. This 

suggests that the presence of a C-shell in the Cu@C heterostructures can modulate product 

selectivity. 

 

Figure 5.18 (a) Production rate of benzyl alcohol and hydrobenzoin and (b) the faradaic 

efficiency for the two products obtained for electrolysis on CuXC samples. 

 

Figure 5.19 shows a plot of the ECH selectivity towards the alcohol as a function of carbon 

coverage for all CuXC electrodes in the dataset. The figure indicates that the mean 

selectivity of bare Cu (black line) is ca. 60%; this is comparable with results by Anibal et 
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al. obtained using metal foils, that show that Cu catalyses dimerization efficiently yielding 

mixed products. As the carbon coverage is increased up to 170 ng/cm2, the majority of 

Cu@C electrodes yield significant enhancements in selectivity towards the alcohol 

product, as shown by their position outside the 95% confidence interval (blue dashed 

lines). Three regions with distinctive selectivity can thus be clearly identified in the plot: 

region I (orange) corresponds to the response of bare Cu, region II (green) corresponding 

to moderate carbon coverage leading to enhanced alcohol selectivity or, conversely, 

suppressed selectivity towards hydrobenzoin; and, finally, region III in which the 

selectivity reverts to lower values. It is copper electrodes in region II whose selectivity 

represents an interesting departure from the conventional behaviour observed at bare 

copper. 

 

Figure 5.19 Selectivity for all individual CuXC samples, with the mean (grey dashed line) 

and 95% confidence interval (blue dashed lines) for the bare copper response. 

 

Previous works have studied the ECH of benzaldehyde on a range of metals and on glassy 

carbon.10, 27, 28 The tendency of copper towards dimerization to hydrobenzoin has been 

reported.10 The ability of Cu to catalyse C-C coupling reactions has further been reported 

for other organic reductions as well as for the CO2 reduction to C2H4.1, 5, 6, 29, 30 Anibal et 

al.27 investigated the electrochemical coupling of benzaldehyde on Cu, Au, Pt and Pd and 

argued that the C-C coupling activity of Cu stems from a balance between the ability to 

catalyse hydrogenation to ketyl radicals, and the relatively low binding energy of these 

species. Low binding energy was proposed to translate into good stability of this species 

at the Cu surface and facile surface-diffusion. In contrast, at Pd or Pt, strong adsorption 

leads to ketyl decomposition and decreased surface coverages, which together with high 

activity towards the HER results into benzyl alcohol as the preferred product. Recent work 
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by Chen et al. indicates that formation of ketyl radicals is fast relative to either the second 

hydrogenation to form benzyl alcohol, or relative to C-C coupling to form hydrobenzoin.30 

They concluded that the Cu surface is readily covered by benzaldehyde adsorbates, which 

might suppress Hads coverages, but facilitates reduction to ketyl radicals: benzyl alcohol 

forms then from the ketyl species through both proton coupled reduction and Hads addition, 

whereas hydrobenzoin results from coupling of surface ketyl species to physisorbed 

benzaldehyde followed by a further proton coupled reduction. In light of this, any strategies 

that lead to reduced surface coverage of benzaldehyde/ketyl radicals or to increased 

concentration of Hads can be expected to lead to increased selectivity for the alcohol 

product. Both a lowering of benzaldehyde concentration, as in previous work,30, 31 and an 

increase in the decomposition rate of surface ketyl radicals, e.g. by alloying Cu with Pd,32 

offer routes to this end. Conversely, any strategies that suppress Hads activation without 

significantly affecting surface benzaldehyde coverage, e.g. use of self-assembled organic 

monolayers,33 could be expected to increase hydrobenzoin selectivity at copper.  

Our results suggest that heterostructured M@C electrodes offer an alternative approach to 

modulating selectivity. The carbon shell does not display faradaic activity at the applied 

potentials; indeed, both HER and organic reduction currents at the amorphous carbon shell 

alone were found to be negligible at -0.7 V. Hence, the carbon overlayer can be considered 

electrochemically inert under this operating condition and any HER/ECH activity at CuXC 

electrodes is expected to arise from reactions at the Cu surface. Notably, the electrode 

fabrication process is mild and does not lead to changes in copper surface chemistry due 

to Cu-C interlayer reactions, as evidenced by XPS. Therefore, we propose that the presence 

of the carbon overlayer is most likely to affect selectivity by altering the relative coverages 

of Hads vs benzaldehyde/ketyl radicals at the pristine electroactive Cu sites in the metal 

underlayer.  

Carbons are in general excellent organic adsorbents, and we speculate that this property 

might provide a first possible explanation of its effect on selectivity. The carbon shell 

should be effective at physisorbing benzaldehyde from solution; this is supported by the 

suppression of HER currents at high overpotentials on carbon electrodes shown in Chapter 

3, which is characteristic of the presence of a passive organic adlayer. The binding strength 

of benzaldehyde has been estimated to be similar for copper (0.5 eV)32 and graphene 

(0.52 eV)34 therefore the two surfaces should display similar benzaldehyde coverages at 

open circuit. However, no ketyl radicals are expected to form at the carbon surface; 
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therefore, at cathodic potentials, a gradient in ketyl coverage should form at Cu-C 

boundaries that could deplete Cu sites of the radical species via spillover. This appears 

plausible given that the barrier to surface diffusion of a phenyl ring is low and similar in 

magnitude at both copper and graphite surfaces (< 20 meV).35, 36 Assuming the carbon to 

also be inert towards the second proton-coupled electron transfer, a spillover would result 

in lower surface concentrations of ketyl radicals at Cu sites and, in turn, higher selectivity 

towards the alcohol.  

An alternative hypothesis is that the carbon shell negatively affects the mass transport of 

organic species to the electroactive Cu while having lower or negligible effect on proton 

transport. The approximately constant capacitance values and HER Tafel slopes observed 

for CuXC in acid electrolyte over the range of carbon mass coverages explored do support 

the conclusion that proton/H2 mass transports are not significantly hindered due to the 

presence of the C-shell. If the mass transport of benzaldehyde through the C layer or holes 

in the carbon is on the other hand hindered, the effective concentration of 

benzaldehyde/ketyl radicals is lowered at the Cu surface and a higher Hads surface density 

becomes possible, thus enhancing selectivity towards benzyl alcohol. In this scenario, the 

C-shell would function as a proton permeable layer with significant mass transport 

impedance for the larger organics. Sputtered amorphous carbon is not as rich in ionizable 

groups as a commercial proton conductive membrane, however it does possess protonable 

groups (O-sites) that could facilitate transport. Also, it is known that amorphous carbons 

prepared via physical deposition can display intra-film porosity,37 hydrogen permeability 

and molecular sieving properties.30 Therefore, it appears plausible that the C-shell in CuXC 

electrodes could impart a degree of mass transport selectivity. 

Experimental trends show that peak alcohol selectivity is observed only for a moderate 

range of C-shell coverages, thus suggesting that if the carbon were to act as a proton 

permeable layer, its thickness must impact Hads coverages at Cu sites in a complex manner. 

Intriguingly, Gao et al. have recently reported that HER currents at Pt electrodes coated 

with a proton conducting Nafion layer can display a complex trend as a function of layer 

thickness.38 HER currents were enhanced when Nafion layers of ~200 nm were used, while 

currents were instead much lower at bare Pt (i.e. zero Nafion thickness) and at Pt coated 

with >200 nm Nafion layers. They proposed anomalous enhancement at intermediate 

thickness to result from a complex balance between increased proton concentrations at the 

Pt-membrane interface and a lower proton mobility relative to the aqueous solution. 
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Selectivity increases at Cu4C and Cu8C could similarly be the result of the C-shell 

thickness being thin enough to maintain relatively fast proton transport and sustain high 

Hads coverages. We are currently investigating this hypothesis using a wider range of 

metal electrodes to further probe proton transport in the amorphous carbon shell. 

 

5.4. Conclusion 

We used sputtered copper electrodes with varying mass loading of carbon to investigate 

the performance of Cu@C heterostructures in the electrocatalytic hydrogenation of 

benzaldehyde. A detailed structural characterization of the morphology and chemical 

composition of Cu@C electrodes shows that the carbon overcoats the sputtered copper 

overlayer without leading to significant alterations in the surface chemistry of either the 

carbon layer or the copper. Voltammetry studies indicate that sputtered copper layers 

display channels/pores, so that after C-shell deposition the majority of Cu-sites in the 

underlayer remain active towards Hads activation and the HER. Electrolysis studies carried 

out via chronoamperometry followed by product analysis revealed that bare sputtered Cu 

yields benzyl alcohol and the dimerization product hydrobenzoin. Interestingly, the C-shell 

of Cu@C heterostructured electrodes does not suppress the electrocatalytic activity of 

copper, but instead leads to changes in selectivity over the range explored and, notably, to 

improved alcohol selective at low/moderate carbon coverages (85-170 ng/cm2).  

Given that carbon has negligible electrocatalytic activity at the applied cathodic potential, 

ketyl radicals and adsorbed hydrogen can only be electrogenerated at the copper surface. 

Therefore, our results indicate that coating of ECH active materials with an amorphous 

carbon shell is a viable route to modulate selectivity. We propose two possible mechanisms 

by which the presence of a C-shell might modulate selectivity but, in both hypotheses, put 

forward we suggest that the carbon layer affects the relative concentrations of Hads and 

ketyl radicals at the copper. The reported Cu@C architectures, which maintain the 

electrocatalytic activity of the metal and modulate the selectivity through the carbon layer 

offer an original alternative strategy for electrocatalyst design that departs from approaches 

involving metal alloying. The advantages of carbon encapsulation/heterostructuring are the 

use of low-cost materials, as no precious metals are required. Additionally, the process is 

scalable to large surface areas and could so be implemented in industrial applications. The 

principles behind M@C strategies for selectivity could potentially be extended to different 

catalyst architectures and metal underlayers.
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6. Carbon thin films for correlative 

nano-electrochemistry 

 

Part of the results presented in this chapter have been included in the following 

publications: 

M. B. Cabré, C. Schröder, F. Pota, M. A. C. de Oliveira, H. Nolan, L. Henderson, L. 

Brazel, D. Spurling, V. Nicolosi, P. Martinuz, M. Longhi, F. Amargianou, P. Bärmann, T. 

Petit, K. McKelvey, P. E. Colavita, Carbon Thin-Film Electrodes as High-Performing 

Substrates for Correlative Single Entity Electrochemistry. Small Methods 2025, 9, 

2400639. 

M. B. Cabré , D. Spurling , P. Martinuz , M. Longhi , C. Schröder , H. Nolan , V. Nicolosi, 

P. E. Colavita,  K. McKelvey: Isolation of pseudocapacitive surface processes at monolayer 

MXene flakes reveals delocalized charging mechanism. Nat Commun 14, 374 (2023). 

M. A. C. de Oliveira, M. Brunet Cabré, C. Schröder, H. Nolan, F. Pota, J. A. Behan, F. 

Barrière, K. McKelvey, P. E. Colavita, Single-Entity Electrochemistry of N-Doped 

Graphene Oxide Nanostructures for Improved Kinetics of Vanadyl Oxidation. Small 2025, 

21, 2405220. 

Datasets presented in this chapter were the result of close collaboration with Dr. Maida 

Costa de Oliveira and Dr. Marc Brunet-Cabré. Carbon substrates were synthesized and 

characterized via XPS, Raman, optical microscopy and, where applicable via SXM, by 

myself while the SECCM data shown is courtesy of MBC and MCDO.  
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The work presented in the chapter was the result of close collaboration with Dr. Marc 

Brunet-Cabré and Dr. Maida Costa de Oliveira, which resulted in different publications. 

The majority of conceptualization, investigation and analysis of these was carried out by 

my collaborators using the annealed carbon films described in chapter 3 as substrate for 

their investigations, and details of these can be found elsewhere. The work shown in this 

chapter is used to highlight the beneficial properties of the annealed carbon films for these 

nano-electrochemical and correlative measurements. The development of the synthesis, as 

well as the growth and characterisation of the films were carried out by myself, or under 

my supervision. 

In the case of the bare carbon films (6.2.) the synthesis and the spectroscopic 

characterisation were done by myself. For the nitrogenated graphene oxide (6.3.) I carried 

out scanning Raman spectroscopy and supported the analysis and interpretation of the 

results. For the studies of the MXenes (6.4.) I transferred the carbon synthesis onto the SiN 

membranes and carried out optical microscopy. In addition to this, I contributed to the 

beamtime at the BESSY II synchrotron for the results of scanning X-Ray microscopy. 

 

6.1. Introduction 

In the work presented in Chapters 3-5 model electrodes were used to investigate the 

intrinsic activities of carbon and carbon-based heterostructures in the electrocatalytic 

hydrogenation. However, for future applications of electrochemical devices there is great 

interest in developing nanomaterial-based electrodes to achieve improved performance. 

Nanomaterials offer several advantages over bulk materials due to their high proportion of 

surface atoms and large specific surface area. These characteristics are particularly 

beneficial for surface processes such as electrocatalysis, sensing and energy storage (e.g., 

capacitance). With a greater number of surface atoms relative to bulk materials, 

nanomaterials require less material overall, which helps reduce both the cost and weight 

of devices. Furthermore, semiconducting materials, like MoS2 can be used for 

electrochemical applications more effectively when in combination with nanomaterials to 

e.g. improve conductivity.1 

Electrochemical studies on nanomaterials are typically conducted by depositing the 

material onto a bulk electrode. The electrochemical response from these bulk systems is 
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the ensemble response from the active sites present in the electrode. This can make a proper 

interpretation of the electrochemical response difficult, as the behaviour of specific 

domains might be concealed. To gain a better understanding of the behaviour of 

nanomaterials and differentiate the behaviour of different sites, single entity measurements 

can be used. A variety of these techniques have been developed over recent years, but this 

section will focus on the application of scanning electrochemical cell microscopy 

(SECCM). 

A typical SECCM setup is shown in Figure 6.1 and a detailed description of the technique 

can be found elsewhere.2, 3 Briefly, a nanopipette filled with electrolyte is brought in close 

proximity to a conductive substrate, acting as the working electrode. A quasi counter 

reference electrode, e.g. a Pd hydride wire, is also inserted in the nanopipette. As the 

electrolyte droplet comes into contact with the working electrode it forms a nanoscale 

electrochemical cell that probes the local response of the contacted area, e.g. via 

voltammetry. The nanopipette can then be detached and repositioned in hopping mode, 

taking multiple measurements in a grid pattern, thus enabling to electrochemically map the 

sample. This technique has been used in our group for example to investigate the charge 

transfer kinetics of TMDCs, depending on the thickness4 and defects.5 Other reports 

compared the edge and plane sites of MoS2, or the activity of step edges on HOPG.6 The 

radius of the nanopipette probe can be varied from few tens of nm to few microns in size, 

therefore allowing to map single nano entities and even subdomains within the 

nanomaterials. 

 

Figure 6.1 Scheme of a scanning electrochemical cell microscopy (SECCM) 

measurement. 
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The full potential of SECCM can be exploited when the electrochemical data is 

complemented by microscopic and/or spectroscopic techniques, to correlate 

electrochemical response with morphological and chemical properties of the investigated 

nanomaterials. This correlation is possible due to residue left by the droplet cell and the 

electrolyte, which can be used to localize and quantify the electrochemical probed area for 

each grid point. The role of the substrate is fundamental in SECCM of nanomaterials in 

general, and even more so in correlative measurements. In the recent advancements of 

SECCM, the substrate has often been overlooked, despite its critical role. Substrates 

employed in SECCM included HOPG, ITO or transition metals. These materials work for 

a wide range of applications but are not ideal. HOPG for example is not fully flat and has 

a significant surface roughness, with increased electrochemical activity on step edges. 

Transition metals tend to have good electrocatalytic activity, which will exclude some 

electrochemical measurements, if the response of the substrate overlaps with the region of 

interest of the probed material.  

In this chapter the annealed carbon films presented in Chapter 3 will be applied as substrate 

for correlative SECCM measurements.  Two projects carried out in close collaboration 

with Dr. Maida Costa de Oliveira and Dr. Marc Brunet-Cabré will be discussed, that 

exemplify the potential of the carbon thin films synthesized in this thesis for nanoscale 

electrochemical characterization. Applications to the advanced characterization of 2D 

nanomaterials are discussed with an emphasis on what properties of the carbon thin films 

have an impact in their performance as substrates for SECCM. The first section shows data 

on chemical, structural an electrochemical homogeneity of the carbon thin films. The 

second section discusses an example of Raman-SECCM correlative analysis of graphene 

oxide nanostructures and their performance in an anodic reaction that is enabled by the 

properties of the thin film electrodes. The final section discusses applications to the 

characterization of the capacitive properties of MXene monolayers, as MXenes are 

proposed as a good candidate for supercapacitors, and more recent ongoing work using 

scanning X-ray microscopy (SXM) to achieve SXM-SECCM correlation at these 2D 

materials. 

 

6.2.  Experimental section 

The annealed carbon films were prepared as substrates for SECCM as discussed in 

Chapter 3 and using SiO2/Si wafers as substrate. Graphene flakes were prepared via 
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electrochemical exfoliation using graphite targets as precursor materials. The full 

procedure can be found in de Oliveira et al.7 Samples for SECCM were prepared by drop-

casting 2 µL of a 5 µg mL−1 stock graphene flake dispersion onto the graphitized carbon 

thin-film substrates; samples were dried in air for 1 h prior to measurement. 

The synthesis of Ti3C2Tx MXenes for the pseudocapacitive measurements was carried out 

in the Nicolosi group as previously reported,8 via etching of the MAX phase in a mixture 

of 9 M HCl and LiF powder.9 After dilution of the MXene dispersion, 2 µl of the ink were 

drop-cast onto annealed carbon substrates, within 24 h of obtaining the stock dispersion. 

The samples were left to dry overnight in air, obtaining regions within the drop-cast area 

with single MXene flakes onto the carbon substrate, which established the bottom-contact 

connection to the carbon thin film substrate. Electrochemical measurements were carried 

out within 1 day. 

MXenes for STXM measurement were synthesized in the Petit group, following a 

procedure proposed by Mathis et al.10 involving HF etching, that leads to MXene 

delamination as reported in prior work.11 The stock dispersion was diluted in water and 

drop-cast on SiNx windows (Norcada) coated with the thin-film carbon electrode 

substrate.12 

Single-barrelled nanopipettes were used as SECCM probes. The nanopipettes were 

fabricated using borosilicate capillaries (1.5 mm O.D and 0.86 mm I.D., BF150-86-7.5, 

Sutter Instrument, USA) using a laser puller (P-2000, Sutter Instrument, USA). The 

obtained pipettes were filled with electrolyte using a pipette filler(MicroFil MF34G-5, 

World Precision Instruments, USA). Two types of quasi reference counter electrodes 

(QRCE) were used. Either a leak-free Ag/AgCl electrode (LF-1-45, Innovative 

Instruments, Inc., USA) or  a Pd-H electrode, as noted in each case. For the latter, a Pd 

wire (0.25 mm OD, PD005130, Goodfellow, UK) was biased at -3 V vs, a Pt counter 

electrode for 15 minutes in a solution of a strong acid (H2SO4 or HClO4). 

Two systems were used to perform SECCM measurements. SECCM of the N-GO flakes 

was done using a Park NX10 (Park Systems, South Korea). SECCM on the MXene flakes 

was performed on a custom-built system as previously described.13  The SECCM 

measurements were performed across a predefined grid of points using hopping mode to 

map  the electrochemical response. After the approach of the pipette voltammetry was 

carried out. After the measurement the pipette was retracted and repositioned to the next 

point of the grid.  
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SEM and Raman measurements were carried out as described in the previous chapters. The 

STXM measurements were carried out at the “MAXYMUS” microscope at the UE46-

PGM2 undulator beamline at Helmholtz Zentrum Berlin/BESSY II. The measurements 

were done using ultra-high vacuum scanning X-ray microscopy. Transmission 

measurements and surface sensitive total electron yield (TEY) measurements were carried 

out simultaneously. 

 

6.3. Electrochemical and spectroscopic dispersion of carbon thin films  

An essential requirement for SECCM applications is for carbon thin films to be continuous 

and homogeneous. This was made possible via optimization of the annealing process with 

the protocol described in Chapter 3. The improvement in annealing is illustrated in Figure 

6.2a. The figure shows the an-C films on a Si wafer using the annealing procedure prior 

(top) and following (bottom) optimization, which involved the introduction of pre-

annealing steps described in chapter 3. It is possible to see that despite the a-C film being 

continuous, only a small amount of carbon remains in an-C samples in the absence of pre-

annealing steps. The survey spectrum of samples prepared with the non-optimized 

procedure in Figure 6.2b further confirms this, as it is possible to see that the Si 2p peak 

(100 eV) of the underlying wafer support dominates the spectrum, whereas the contribution 

from the C 1s emission (285 eV) is small, indicating that the film is etched during the 

annealing process. The optimized procedure yields a film whose survey XPS spectrum 

displays only peaks assigned to C 1s and O 1s (532 eV), as expected of a continuous 

graphitised carbon film, as the thickness of the film remains sufficiently high at all points 

to attenuate any emission from the SiO2 substrate.  

 

Figure 6.2 (a) a-C films deposited on wafers before annealing (top) and after annealing 

with the non-optimized procedure (bottom), showing clear evidence of etching. (b) XPS 

survey scans of an-C prepared with the non-optimized (red) and optimized (black) 

annealing procedures. 
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The chemical homogeneity was probed using mapping Raman spectroscopy. Figure 6.3a 

shows all spectra obtained for a 33×33 points grid on a an-C:NGraphitic film over an area of 

100×100 µm2. It can be seen that spectra are narrowly distributed with only a small 

dispersion in the intensity. The D/G intensity ratio was obtained for all 1089 spectra and a 

scatter plot of the results is shown in Figure 6.3b; the D/G ratio was found to be 1.01 ± 0.01, 

1.06 ± 0.02 and 1.02 ± 0.01 for an-C, an-C:NGraphitic and an-C:NPyridinic, respectively. This 

is a variance of less than 2% across the probed area. Intensity maps of I(D)/I(G) are shown 

in Figures 6.3c, 6.3d and 6.3e for an-C, an-C:NGraphitic an-C:NPyridinic. The small dispersions 

on the D/G ratio indicates a homogeneous structure of the carbon thin films. 

 

Figure 6.3 (a) Overlay of Raman spectra obtained over a 33×33 point grid on an 

an-C:NGraphitic film. (b) Scatter plot of I(D)/I(G) of annealed carbon films and intensity 

maps for the I(D)/I(G) ratio for (c) an-C, (d) an-C:NGraphitic and (e) an-C:NPyridinic. Adapted 

from Brunet Cabré et al.12 

 

Beyond the chemical homogeneity, the electrochemical homogeneity of the carbon films 

is also relevant for SECCM applications. To probe this, SECCM measurements were 

carried out on the C films in the cathodic region. Current responses obtained in 

20 mM H2SO4 at 0.5 V/s are shown in Figure 6.4a. Each of the single lines is representative 

of one point in a 5×5 grid where points are spaced by 20 μm so that the entire probed area 

is approximately 80×80 μm2. The figure shows that the 25 CVs exhibit only small 

deviations from each other, thus supporting that the an-C film is electrochemically 
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homogeneous in the HER region. To further probe the homogeneity and the applicability 

of the annealed carbon films as substrate for SECCM, an outer sphere (Ru(NH3)6
2+/3+) and 

a surface sensitive redox species (Fe(CN)6
3-/4-) were investigated using the three annealed 

carbon thin films as working electrodes. The current responses obtained in 

4.0 mM Ru(NH3)6
3+ in 20 mM KCl, and 1.0 mM Fe(CN)6

3- in 10 mM KCl electrolyte at 

0.5 V/s are shown in Figure 6.4b and 6.4c, respectively. The current response for each film 

is narrowly dispersed; the variances within each type of film are most likely due to 

differences in the size of the droplet cell, for example through local morphological features. 

This will be discussed later in this Chapter. The results indicate that the annealed carbon 

films offer good (electro)chemical homogeneity and sufficient conductivity which can 

allow their use as substrates in SECCM measurements. The homogeneity of the electron 

transfer in outer sphere reactions suggests that the annealed carbon films have a sufficient 

electron transfer resistance for the use in SECCM. The CV curves obtained with the surface 

sensitive Fe(CN)6
3-/4- supports this further. These results therefore indicate that an-C, an-

C:NGraphitic and an-C:NPyridinic can effectively provide a consistent and homogeneous 

electrochemical response across their surface for surface-sensitive and outer-sphere redox 

probes, making them suitable candidates for undertaking single entity electrochemistry 

measurements. 

 

Figure 6.4 (a) Current response of an-C films obtained for CVs on each of the points in 

the 5×5 grid at 0.5 V/s on an-C film with 20 mM H2SO4. (b) Voltammograms of outer-

sphere, Ru(NH3)6
3+/2+, and (c) Fe(CN)6

3-/4- redox probes on bare an-C, an-C:NGraphitic, and 

an-C:NPyridinic. Thin lines correspond to the CV for each of the 25 points probed in a grid; 

thick lines represent the mean response calculated for each substrate. All voltammograms 

were collected at 0.5 V/s with electrolyte of 4.0 mM Ru(NH3)6
3+ in 20 mM KCl, and 

1.0 mM Fe(CN)6
3- in 10 mM KCl, for A and B respectively. Data courtesy of Marc 

Brunet-Cabré.  Adapted from Brunet Cabré et al.12 
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Previous chapters discussed the response of the annealed carbon film macroelectrodes 

prepared by deposition onto GC disk inserts. It is therefore interesting to further verify that 

trends observed via bulk electrochemistry are also observed via SECCM. A comparison of 

the current trends in the HER of an-C, an-C:NGraphitic and an-C:NPyridinic is shown in 

Figure 6.5. For the SECCM the current response of all 25 points is shown and the an-C 

film is shown too. An exact comparison of potential and current ranges obtained with 

macroelectrodes and nanopipette probes is difficult and it is often not possible to exactly 

replicate the voltammetry conditions (e.g. electrolyte concentration, scan rates) with 

SECCM due to droplet stability and solvent evaporation during measurements. However 

it is possible to compare the general trends observed across the three types of carbon film, 

which are the same for the HER response in bulk and in nano-electrochemistry. In the case 

of SECCM, the an-C:NGraphitic film has larger HER currents and an earlier onset.  

 

Figure 6.5 HER response on nitrogenated films (a) on disc electrodes in 0.1 M H2SO4 at 

2 mV/s and (b) on SECCM in 20 mM H2SO4 with 0.5 V/s. Panel (b) data courtesy of Marc 

Brunet Cabré, Adapted from Brunet Cabré et al.12 

 

The positive effect of nitrogenation on the electrocatalytic activity is also shown clearly in 

SECCM, with the an-C exhibiting a more sluggish current response in the HER compared 

to the nitrogenated films. It is worth mentioning here, that the roughness of the carbon 

films deposited on GC is expected to be higher, as polished GC is rougher than Si wafers 

and the roughness of the substrate should dominate the overall morphology. This is likely 

to affect the LSV and also accounts for some of the observed differences between the HER 

waveforms observed in macroelectrodes vs SECCM. 
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6.4. Raman-SECCM studies of anodic processes at 2D materials 

Using the carbon thin film electrodes deposited on Si wafers it was possible to investigate 

the activity of nitrogenated graphene oxide (N-GO) in the oxidation of vanadyl as 

demonstrates by a recent publication of our group.7 The vanadyl/pervanadyl process is a 

reaction of importance for vanadium redox flow batteries that is sluggish on pure graphitic 

carbon electrodes. SECCM measurements were carried out on N-GO drop casted onto an 

an-C film. Figure 6.6a shows a SEM image of N-GO drop cast on an-C after a SECCM 

measurement with the residues shown. Figure 6.6b shows the current response obtained in  

0.15 M H2SO4 containing 0.15 mM VO2+ at 50 mV/s for all points measured in the 

SECCM grid. When correlating the points that contacted the flake (red circles in 6.6a) to 

the current response can be seen that the points contacting the N-GO flake gave rise to an 

anodic peak around 0.95 V vs. Pd-H. This peak is not visible on the points contacting the 

carbon substrate. A histogram of the current at 0.95 V shown in Figure 6.6c, shows that the 

points contacting the carbon substrate all exhibit low currents with a narrow distribution, 

in agreement with the results in the previous section showing that the electrochemical 

response of the carbon substrates is narrowly dispersed. All points that show an increased 

currents can be correlated to SECCM points contacting the N-GO flake. 

 

Figure 6.6 (a) SEM image of probed N-GO flake on an-C substrate with SECCM residues 

on the flake highlighted. (b) Current response obtained in 15 mM VO2+ in 0.15 M H2SO4  

for LSVs at 50 mV/s over the SECCM grid shown in (a). (c) A histogram of current 

response at 0.95 V sorted by measured surface. Data courtesy of Maida Costa de Oliveira; 

adapted from de Oliveira et al.7 

 

To get a better understanding of the chemical nature of the flakes and the grid points 

showing increased current response, Raman mapping was carried out on the SECCM 

probed areas. Raman spectra are diagnostic of the defect density at graphitic carbon 

materials and to the size of defect-free crystallites present. Optical images of a probed 

sample are shown in Figure 6.7a and 6.7b. It is important to mention, that the conditions 
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chosen for the Raman measurement had to be carefully tuned, as the incident laser power 

can lead to burning of the sample. An example of this is shown in Figure 6.7a; the black 

lines are the track lines resulting from the laser moving over the surface, leading to local 

burning shown in the black lines. The laser was therefore lowered to a level that ensured 

that the burning of the sample was avoided. The area shown in Figure 6.6a was then probed 

with the optimised incident power; the optical image is shown in Figure 6.7b: the N-GO 

flake slightly brighter in comparison to the substrate while the residues from the SECCM 

probe can also be clearly seen. The red square indicates the rough outline of the area used 

for Raman mapping. The average Raman spectrum of this area is shown in Figure 6.7c. 

The characteristic D- and G- bands of carbon can be seen, as well as the silicon signal at 

520 cm-1 arising from the wafer substrate. The Rayleigh peak (0 cm-1) is also shown. From 

the individual spectra an intensity map of the Rayleigh peak, the D-band and the G-band 

can be obtained, shown in Figure 6.7e-f. the map of the Rayleigh signal shows the exact 

location of the SECCM grid . This is important for assigning the Raman spectral positions 

relative to the SECCM grid points, as there is a slight offset between the Raman and the 

optical microscope. From the intensity maps of the D- and G-band the position of the GO 

flakes on the substrate is also clearly visible. 
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Figure 6.7 (a) Optical image of SECCM grid on drop casted N-GO after Raman mapping 

showing the burning of the sample, (b) Optical image of drop casted N-GO on an-C with 

area used for Raman mapping. (c) Average Raman spectrum obtained for area highlighted 

in (b). Intensity maps of (d) Rayleigh peak, (e) D-band and (f) G-band. Adapted from de 

Oliveira et al.7 

 

Figure 6.8a shows the Raman spectra obtained by subtracting the average Raman spectrum 

of the substrate from the Raman spectra of points contacted on the N-GO flakes. This 

allowed to obtain a ratio between the D- and G-band at each of the positions probed via 

SECCM. From the D/G ratio, it is possible to also calculate the lateral size (LD) of the 

graphene flakes.14-16 As mentioned in Chapter 2, the relationship between I(D)/I(G) and LD 

is dependent on the average crystallite size and defect density. For small defect densities 

(larger crystallites) the Tuinstra-Koenig relation can be used: 
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 ID

IG
= C(λ) ⋅ LD 

( 6.4 ) 

Where C(λ) is a constant, which can be calculated by: 

 C(λ) = 2.4 × 10−10𝑛𝑚−3 ⋅ 𝜆4 ( 6.2 ) 

Which for the used wavelength (532 nm) is 19.225 nm. For larger defect densities, and 

smaller crystallites the relation changes. According to Childres14 the relationship changes 

to: 

 𝐼𝐷

𝐼𝐺
= 𝐷(𝜆) × 𝐿𝐷

2  
( 6.3 ) 

According to the authors the I(D)/I(G) ratio at the boundary between the two is 4, which 

translates to an average LD of about 4.8 nm. With this boundary condition it is possible to 

calculate D(λ), by imposing continuity between the two regimes. Solving both equations 

for LD the equations can be written as: 

 

√
𝐼𝐷

𝐼𝐺
⁄

𝐷(𝜆)
= 𝐿𝐷 =

𝐶(𝜆)
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𝐼𝐺

⁄
 

( 6.4 ) 

 Solving this equation for D(λ), the constant can be calculated as: 

 

𝐷(𝜆) = (√𝐼𝐷
𝐼𝐺

⁄ ⋅ (
𝐶(𝜆)
𝐼𝐷

𝐼𝐺
⁄

)

−1

)

2

= (
√4

19.225

2
)

2

=0.173 

( 6.5 ) 

 

This allows to calculate LD according to equation 6.3. Figure 6.8b shows the current at 

each point versus the obtained LD.  

 

Figure 6.8 (a) Raman spectra obtained after subtraction of average substrate spectrum on 

spectra obtained on N-GO flakes. (b) Current at 0.95 V vs the lateral defect size calculated 

from the D/G ratio. Adapted from de Oliveira et al.7 
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There is no clear correlation between the LD and the current response of the graphene 

flakes. This suggests that the nature of the defects is more important compared to the 

density of defects in determining the kinetics of the vanadyl oxidation. It does however 

show the potential of the annealed carbon thin films for correlative SECCM measurements, 

even for “carbon-on-carbon” characterisation challenges. 

In summary, thanks to the (electro)chemical homogeneity of the annealed carbon film, it 

was possible to detect the response of sub-domains of carbon nanostructures, namely N-

GO flakes, and correlate the SECCM response to Raman spectroscopy in an effort to 

identify relationships between defect sites and catalytic activity. 

 

6.5. SXM-SECCM studies of capacitive processes at 2D materials 

The homogeneity in the electrochemical response of carbon thin films also enabled the 

characterization of the capacitive response of 2D nanomaterials. This was demonstrated 

initially by Dr Marc Brunet-Cabré using SECCM to probe MXenes on an-C films and has 

recently resulted in further correlative SECCM characterization using scanning X-ray 

microscopy as discussed below.   

MXenes are a family of transition metal carbides, nitrides or carbonitrides with a layered 

structure. MXenes exhibit a high electric conductivity and have gained much attention in 

the scientific community due to a high surface area, mechanical strength and the possibility 

to tune their properties.17-20 Similar to the work in section 6.3, MXene flakes were drop 

cast onto annealed carbon films and probed with SECCM. An SEM image of a probed area 

is shown in Figure 6.9a, showing the grid of electrolyte residues left by the nanopipette 

probe. Figure 6.9b and c shows a histogram of the measured size of the droplet residue, 

which was used to estimate the contacted area of the droplet cell. It can be seen that the 

droplet size is narrowly dispersed with an average droplet size of 0.3 μm2. This narrow 

dispersion indicates uniform wettability across the carbon surface, which in SECCM is of 

great importance, as variations in wettability can lead to poor resolution of the 

electrochemical map due to leakage of the electrolyte. 

Examples of the current response of MXenes and of the carbon substrate in the capacitive 

region are shown in Figure 6.9d. It can be seen that the capacitance measured at MXene 

contacted points is significantly larger than that at the carbon substrate. A histogram of the 

response of the capacitance of the single points, classified by the type of contacted point 
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as carbon or MXene, is shown in Figure 6.9e. The capacitive response of the carbon is low 

and shows only small dispersion while the points exhibiting higher capacitance values are 

all contacted on MXene flakes.  

 

Figure 6.9 (a) SEM image of probed MXene flakes on an-C substrate with the 

corresponding residue size. Histogram of droplet size determined on (b) the carbon 

substrate and (c) MXene flakes. (d) Characteristic capacitive response of a MXene flake 

and the carbon substrate in 20 mM HClO4 at 0.5 V/s and (e) the resulting histogram of 

capacitance sorted by probed point. Data courtesy of Marc Brunet-Cabré. Adapted from 

Brunet Cabré et al.9 

 

The full explanation of this can be found in the publication by Brunet Cabré et al.9 In short, 

the capacitance values measured for each droplet cell were too high to be physically 

sensible. On the other hand, if the capacitance is normalised by the size of the entire 

contacted flake, the obtained capacitance values are in agreement with values reported in 

literature. These results indicate a charging mechanism over the entire surface of the flake 

although only a small area is contacted. These results, which can have an impact on the 

design of devices and electrodes, were obtained, through the carbon thin films and their 

electrochemical homogeneity. 

To further understand the behaviour of MXenes and the effect of local probing on the entire 

surface of contacted flakes, more recent characterization work was initiated via STXM. 

The detailed working principle of a synchrotron and STXM are beyond the scope of this 

thesis. Briefly, a tuneable beam of soft X-rays (200 eV to 1900 eV) is focused to a 

nanoscale spot which is scanned across the sample, probing local absorption by detecting 
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the intensity of the transmitted X-rays (transmission mode) or the amount of emitted 

secondary electrons (total electron yield, TEY). To allow for investigation of drop cast 

flakes the substrate needs to be transparent to X-rays. To ensure this, the an-C film was 

deposited on silicon nitride windows (Norcada). A scheme of this is shown in Figure 6.10a 

with drop cast MXene flake on the carbon film.  

To allow for probing with the STXM, the location of the SECCM grid points needed to be 

known. To do this, optical microscopy was first used, shown in Figure 6.10b-d. Figure 

6.10b shows the nitride window (1×1 mm2) in blue in contrast against the Si support 

(yellow). The area of the drop cast can also be seen. Figure 6.10c and 6.10d show SECCM 

residues in bright-field and in dark-field, respectively. As the carbon films offer enough 

optical contrast with the MXene flakes and the SECCM residues, it was possible to localise 

the grids in relation to corners of the SiNx window, which allowed for exact positioning of 

the X-ray beam and the resulting probing using STXM. 

 

Figure 6.10 (a) Scheme of the SiNx windows used for STXM measurements with an-C 

film and MXenes. (b) Optical microscopy image of the SiNx aperture (blue) with the drop 

casted MXenes. (c) Bright field and (d) dark field image of the SECCM grid on the SiNx 

window and (e) SECCM residue visible using STXM on the O-Edge (530 eV) of a different 

grid. 

 

As mentioned above, measuring at the STXM employed both transmission mode and TEY. 

Transmission mode offers more bulk sensitivity and allows for distinction of monolayer 

and multilayer MXenes. TEY on the other hand is surface sensitive. A probed area using 

the two techniques is shown in Figure 6.11. In addition to the MXene flakes, the grid points 
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of the SECCM could be easily localized so that the electrochemical response could be 

correlated to chemical composition using STXM. From STXM insights on the local 

chemical nature and the oxidation states of the probed flakes can be gained.12 It can be 

seen that TEY shows the position of the flakes, but distinction between multilayers is less 

clear compared to transmission mode. In addition to the imaging of defined areas, it is 

further possible to measure point spectra as shown in Figure 6.10c and d. The spectrum 

measured on the carbon substrate (green) shows no signal at the probed energy range. The 

points on the flake (blue, red) show spectra with clear signals correlating to the L2 and L3 

edges of titanium. From these spectra and the ratio between the t2g and the eg peaks further 

information about the chemical nature, e.g. the oxidation state of the titanium can be 

obtained, which is currently ongoing work.21, 22  

 

Figure 6.11 STXM image in (a) TEY and (b) Transmission mode at 463.5 eV. (c) TEY 

image at 463.5 eV with location of point scans and (d) the resulting spectra at the points 

shown in (c). 
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These are preliminary results obtained within a more comprehensive study carried out at 

BESSY II that is still ongoing. Herein, data is shown to exemplify that it is possible to use 

the an-C substrate for correlative STXM-SECCM.  

The obtained results show that the annealed carbon thin films could be deposited on the 

SiNx windows and STXM investigation was possible in transmission and TEY. With this 

the carbon films are a platform that can enable in depth studies of nanomaterials and 

correlation between their electrochemical response and their morphological and chemical 

nature. 

 

6.6. Conclusion 

The annealed carbon films were applied in SECCM measurements and their 

electrochemical homogeneity has been shown. The SECCM results confirmed the findings 

of Chapter 3 regarding the HER activity of nitrogenated carbon films and gave an even 

more detailed image. The (electro)chemical uniformity of the carbon films was shown, 

which allowed their use in correlative SECCM. 

The use in correlative electrochemistry measurements was shown using two examples 

done in our group. One was the vanadyl oxidation on N-doped graphene oxide using 

SECCM and correlating the results with scanning Raman spectroscopy. Through the 

narrow distribution of the I(D)/I(G) ratio of the carbon substrate, it was possible to detect 

carbon nanostructures on a carbon substrate. In a second study the pseudocapacitive 

behaviour of MXenes was studied. As the capacitance observed on the carbon thin films is 

low and shows little dispersion, it was possible to detect capacitance differences and 

localise MXene flakes. This work was continued using synchrotron measurements, namely 

STXM to probe local chemical composition and oxidation states of the samples. In these 

measurements the carbon films allowed detection in TEY and in transmission mode, which 

opens the door for further research using synchrotron techniques. 

The two studies all benefited and were possible because of the uniformity and homogeneity 

of the carbon films. These carbon films have been shown to be a promising substrate for 

correlative electrochemistry. Other studies that used these substrates were done on Ni 

nanoparticles and on carbon nanocubes together with SEM/EDS and AFM to correlate the 

electrochemistry with the morphology/chemistry of the sample. This can be found in the 

work by Brunet-Cabré et al.12 and are reported elsewhere. 
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An additional advantage of the carbon films is in their synthesis. Using the sputter 

deposition and annealing procedure, multiple samples can be produced in one batch that 

will have almost identical properties. The films can further be synthesised on a variety of 

materials, given they can withstand the annealing temperature. In comparison to other 

substrates used in SECCM studies, the carbon films unify a lot of benefits needed for these 

studies and allow a wide variety of microscopic and spectroscopic techniques. Thereby the 

carbon thin films have the potential to accelerate the use of correlative studies for an in-

depth understanding of the electrochemical response of nanomaterials. 
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7.1. Conclusions 

The objective of this thesis was to explore the role that carbon can play in the 

electrocatalytic hydrogenation of oxygenated organic compounds, a reaction which could 

become a sustainable route to generate fuels and chemicals. Many studies on this topic use 

nanostructured carbon materials and 3D architectures, which makes it difficult to extract 

the true intrinsic activity of a material. Therefore, thin-film electrodes were investigated in 

this work; these thin-films were based on either (nitrogenated) carbon alone or carbon in 

combination with transition metals and transition metal compounds. 

In Chapter 3 metal-free nitrogenated carbons were synthesised using a two-step process 

consisting  of dc-magnetron sputtering with subsequent annealing of the carbon thin films. 

Nitrogen could be introduced into the structures by using nitrogen for the sputter deposition 

or by using ammonia gas during the annealing. These processes allowed good control over 

graphitisation and distribution of nitrogen functionalities at the carbon surface. The carbon 

films were characterised using a combination of microscopic and spectroscopic techniques, 

and their activity in the hydrogen evolution reaction was investigated. An improvement in 

the HER response was achieved through the nitrogenation, compared to bare carbon 

materials. For ECH experiments a custom made electrolysis cell was designed which 

allowed the investigation of the carbon materials in the electrocatalytic hydrogenation of 

benzaldehyde. A positive effect of the nitrogenation on the selectivity towards benzyl 

alcohol was found, similar to the improved activity in the HER. Mass transport was found 

to be a limiting factor, which led to changes in the electrolysis setup with the 

implementation of stirring. This increased the production rates, but the nitrogenated carbon 

thin-films were overall still poor electrocatalysts, when compared to most metal-based 

materials in the literature. 

In Chapter 4 the nitrogenated carbon electrodes were used as a support material for 

molybdenum disulphide, a material which could become a low-cost HER catalyst. The 

CVD process used resulted in growth of a slightly sub stochiometric MoS2 in the 2H phase, 

with no obvious effect of the nitrogen functionalities of the carbon film on the MoS2 

structure. However, a suppression of the HER in alkaline pH was found for the MoS2 

grown on the carbon with mainly pyridinic nitrogen. This was attributed to a 

protonation/deprotonation equilibrium of the pyridinic sites and resulting from that an 

attraction/repulsion between the carbon and the MoS2. The ECH on the heterostructured 
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electrodes showed higher activity compared to the bare carbons and turn over frequencies 

were found to be in a comparable range to values reported for metallic catalysts in 

literature. There was however still a poor faradaic efficiency, with most of the current 

contributing to the production of hydrogen. 

In Chapter 5 sputtered copper thin film electrodes were subsequently covered with 

amorphous carbon shells. Characterisation of these CuXC heterostructures showed that the 

carbon layer has the same chemical composition independently of the mass loading. In the 

range of the mass loadings of carbon used, no effect on the voltammetry of the 

heterostructures was found, neither in the HER nor in the presence of benzaldehyde. This 

suggests that the copper surface remains unchanged and the dominant source of the 

electrocatalytic activity. While the reduction rates of benzaldehyde and the faradaic 

efficiencies seem independent of the carbon loading, a positive trend in the selectivity was 

observed for a defined range of carbon loadings. While the exact mechanism of this could 

not yet be solved, some possible causes for this were discussed. The carbon could be 

introducing adsorption sites through spill-over effects, thus lowering the relative surface 

concentration on the copper. Alternatively, a limiting effect of the carbon on the mass 

transport of benzaldehyde might also be at play. 

Chapter 6 expanded on the use of the annealed carbon films to scanning electrochemical 

cell microscopy. Here the potential of SECCM in combination with characterisation 

techniques for correlative electrochemistry experiments was shown. The benefits of the 

carbon and their applicability for SECCM and a wide range of characterisation techniques, 

all the way to synchrotron techniques, e.g. STXM, was highlighted. Correlative SECCM 

can give powerful insights in relationships between the chemical and structural nature of a 

material and the electrochemical behaviour of the material. The carbon thin films obtained 

in chapter 3 showed good homogeneity in morphological, chemical and electrochemical 

features, which makes them an ideal substrate for SECCM measurements to deliver good 

conductivity while ensuring high electrochemical contrast relative to supported 

nanomaterials. This has been shown exemplified by two projects carried out in 

collaboration within the research group. A first one, used scanning Raman spectroscopy to 

characterise nitrogenated graphene oxide flakes on the carbon and a second one 

characterising MXenes using STXM. The latter showed that the carbon films enable 

measurements in both, transmission and total electron yield, thus giving valuable insights 

on the chemical nature of the probed samples. The annealed carbon films could accelerate 
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the use of correlative SECCM and allowing for an in-depth understanding in the 

relationship between chemical and electrochemical behaviour of nanomaterials. 

In this work carbon was used as nitrogenated metal-free thin films, as support for MoS2 

and as a cover layer on copper films. The ECH of benzaldehyde was studied on all these 

materials. The results were discussed in the context of previous results reported in 

literature. Effects of reaction conditions on the ECH were found and directions for future 

work were identified based on the results. These directions for future work will be 

discussed in the next section. New design principles and synthesis routes for 

electrocatalytic materials, especially for the ECH were found. Overall, the results show 

that carbon and carbon based heterostructures have the potential to play a key role in the 

ECH, far beyond their current use. 

 

7.2. Future work 

From this thesis promising directions for future research projects on the role of carbon in 

electrochemistry and electrocatalysis could be identified.   

The results of Chapter 3 indicate an effect of graphitisation on the electrocatalytic activity 

in the HER. This would be worth exploring for nitrogen free and nitrogenated carbon films. 

Another approach would be the investigation of other dopants and co-dopants in the 

carbon. The introduction of phosphorus has been reported in literature to positively 

enhance the activity in the HER,1, 2 and this should be investigated for the ECH. 

The results presented in Chapter 4 on the MoS2/an-C:NGraphitic heterostructures shows that 

these heterostructures can deliver good activity in the ECH. There is a range of applied 

potential, where the obtained selectivity and production rates/TOF are in a competitive 

range with catalyst materials reported in literature. Especially considering the significant 

lower cost of the MoS2. The faradaic efficiencies observed are however far from desired 

values. This could be tackled for example by increasing the concentration of benzaldehyde 

in the electrolyte, which could lead to suppression of HER and to a higher rate (and FE) of 

ECH. In addition to an increased concentration a higher pH could potentially lead to higher 

FE. This should be investigated in future experiments. At higher pH values an effect of the 

different N-functionalities might arise, similar to the one observed in the HER. 

Another research direction would be a variation in the growth and synthesis of MoS2. By 

replacing the close proximity setup used to grow MoS2 the growth substrate could be 
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placed downstream of the MoO3 precursor, which has been reported in different 

publications.3, 4 

The results obtained on the CuXC electrodes were promising, with high faradaic 

efficiencies and production rates. The effect of the amorphous carbon on copper on the 

ECH could not be finally explained. To further understand this effect, SECCM could be 

used. By studying different carbon thicknesses on different metals, a more complete picture 

of the role of the a-C could be obtained. One route is to use Pt as a substrate with a well 

understood electrocatalytic activity. By investigating the current response on PtXC 

heterostructures with and without benzaldehyde a potential effect of the a-C on the mass 

transport of benzaldehyde might be seen. Pt is known to be poisoned by benzaldehyde, 

leading to suppression of HER currents. If the a-C blocks the benzaldehyde, the HER 

current on the Pt should be maintained and the poisoning should be inhibited. By 

investigating the effect of the amorphous carbon on the electrocatalytic hydrogenation 

design principles on metal-carbon heterostructures can be derived. Other metal layers 

should also be investigated, as copper, although less critical compared to platinum, is still 

a highly sought after metal in electronic applications. Therefore, it will be relevant to look 

at the electrocatalytic activity of other transition metals. 

In Chapter 6 the potential of an-C films in correlative SECCM have been shown. Here the 

carbon films can help to gain new and valuable insights in the working mechanisms of 

nanomaterials in electrochemistry.  

For all the materials the stability in the ECH has not been investigated. To make materials 

an alternative a stable current response is needed. The ECH studies on the synthesised 

materials can be expanded to other organic compounds relevant in biomass upgrading, for 

example furfural or hydroxy methyl furfural. For all materials the reaction conditions can 

be varied, namely temperature, pH and concentration, to further optimise the performance. 
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Figure A.1 Temperature profiles and gases used for the annealing of an-C:NGraphitic, 

(b) an-C:NPyridinic and (c) an-C:NMixed. 
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Figure A.2 SEM obtained in cross section for (a) an-C, (b) an-C:NGraphitic and 

(c) an-C:NPyridinic. 

 

Figure A.3 (a) XPS survey spectrum and (b) C1s high resolution spectra for an-C. 

 

Figure A.4  Best fit obtained for Raman spectra or (a) a-C and (b) a-C:N-2  
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Figure A.5 Best fit obtained for Raman spectra of an-C. 

 

Figure A.6 Current response of chrono amperometry at -0.5 V vs Ag/AgCl in 

0.1 M H2SO4 with 20 mM benzaldehyde on a MoS2/an-C:NPyridinic electrode at different 

stirring speeds.  
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Figure A.7 Peaks obtained from the gas chromatography for (a)ethyl acetate, 

(b) acetophenone, (c) benzaldehyde, (d) benzyl alcohol, (e) benzoic acid and 

(f) hydrobenzoin. 
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Figure A.8 Calibration and extraction of (a, b) benzaldehyde and (c, d) benzyl alcohol. 

 

 

Figure A.9 Calibration of hydrobenzoin. 
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Figure A.10 Calibration of (a) benzaldehyde, (b) benzyl alcohol, (c) benzoic acid and (d) 

hydrobenzoin using acetophenone as  an internal standard. 

 

 

Figure A.11 Hydrobenzoin peak obtained from (a) commercial source and (b) from 

electrolysis. 
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Figure A.12 Raman spectrum obtained for glassy carbon. 

 

 

Figure A.13 Current response of a LSV (2 mV/s) on a sputtered a-C film in 0.1 M H2SO4. 
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