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Probing the Effect of Metal to Ligand Charge Transfer on the 
Oxygen Evolution Reaction in Au Incorporated Co(OH)2 Thin Film 
Electrocatalysts 
Rusha Kamar, a,b Roland Agoston, a Grant A. van Riessen, c Gerard Hinsley, d Anthony P. O’Mullane, 

a,b and Michael W. M. Jones *a,b,e 

First row transition metal oxides have shown potential as affordable catalysts for the oxygen evolution reaction (OER). The 
addition of small amounts of noble metals such as gold offers significant improvements in catalytic activity while maintaining 
affordability. However, a fundamental understanding of such enhancement in catalytic activity is still lacking. In this work 
we correlate Near Edge X-ray Absorption  Fine Structure  (NEXAFS) data to conventional characterisation techniques to 
analyse the oxidation state changes that occur during the oxygen evolution reaction in cobalt oxide and cobalt oxide-gold 
based electrocatalyst thin films to understand their effect on the reaction. We find that the incorporation of gold into the 
cobalt oxide significantly reduces the ligand to metal charge transfer process on the catalyst surface. We propose that the 
reduced ligand to metal charge transfer facilitates the formation of the key M-OOH* intermediate (where M is the metal 
and -OOH* is the ligand) and desorption of O2 from the catalyst surface, leading to an overall increase in catalyst 
performance. This study sheds light on how incorporation of small amount of highly electronegative noble metal may have 
the scope to significantly improve the reactivity of transition metal based thin film catalysts for OER by optimising the ligand 
to metal charge transfer effect.

1 Introduction
With the ever-intensifying demand for energy, the search for an 
alternative sustainable source of fuel has become a pressing 
concern for the future stability of the human race. One potential 
candidate is hydrogen (H2), which can be considered as a viable 
and clean energy source to replace fossil fuels.1, 2 Several 
methods are currently available for the industrial production of 
H2, for example steam reforming of natural gas, methane 
pyrolysis, partial oxidation of natural gas or other hydrocarbons, 
and coal gasification.3 The production of H2 from fossil fuels 
leads to the undesired release of carbon dioxide (CO2) that 
contributes to the greenhouse effect4-6 and is an unviable 

approach to a sustainable energy economy.7 Producing 
hydrogen from water is being investigated extensively due to 
the potential for this approach to be clean, as the energy input 
to split water can be sourced from wind and solar. Current 
methods to produce hydrogen from water such as 
thermochemical water splitting, direct thermal decomposition, 
and photocatalytic water splitting have several drawbacks that 
include high consumption of energy and/or technological 
difficulty for large-scale production.8 Electrolysis of water 
provides an easy, inexpensive, eco-friendly, and efficient way to 
produce H2.9 Water electrolysis involves two chemical half-
reactions: the hydrogen evolution reaction (HER) at the cathode 
and the oxygen evolution reaction (OER) at the anode.10 There 
has been a significant amount of research on developing 
electrocatalysts for both the OER and HER for alkaline 
electrolysers due to the lower catalyst cost compared to proton 
exchange membrane electrolysers.11, 12 However, the OER in 
particular, limits the overall water splitting rate due to sluggish 
kinetics associated with the transfer of 4 electrons and the more 
complex mechanism compared to the HER.13-15  Noble metal 
oxides make excellent catalysts for the OER,16, 17 however, there 
has been increased effort in developing noble metal-free 
catalysts to decrease costs and allow for increased 
production.18 Transition metals have seen heightened interest, 
where catalysts have been developed to maximise efficiency 
and stability and are generally based on oxides of Ni, Fe, Co and 
Mn.19-24 Several OER mechanisms have been discussed by 
Matsumoto and Sato on transition metal oxide catalysts, such 
as Krasil’shchikov path, the Bockris path and the Yeager’s 
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path.25 In alkaline electrolyte all reaction pathways start with 
the adsorption of hydroxide on the active sites followed by 
oxidation of -OH* and -O* to -OOH* which is generally regarded 
as the active form of many catalysts, where * denotes 
intermediate ligands. Indeed, many transition metal-based 
catalysts, even those based on chalcogenides and phosphides, 
ultimately convert into M-OOH* species at the surface of the 
catalyst prior to the OER.26-28 Among the most studied transition 
metal-based catalysts, those containing cobalt show significant 
promise for the OER.29-32 The activity of the transition metal 
oxide catalysts for the OER can be improved upon further by the 
incorporation of noble metals such as Au, which has been 
reported to enhance the performance of  Co(OH)2,33-35 cobalt 
nanosheets,36 Co3O4

37-39 and Ni-Fe based systems. 40 It has been 
hypothesised that the increased activity is due to electronic 
interactions between Au and the metal oxides/hydroxides that 
perturbs the oxidation state of Co. The high electronegativity of 
Au has been shown to facilitate formation of Co4+ in amorphous 
Co(OH)2 films.33 A core-shell structure of Co3O4 nanocrystals 
(NCs) developed on an Au core enhanced the OER activity of the 
Co3O4 NCs 7 times more than a mixture of Au and Co3O4 NCs 
which is likely due to a strong synergistic effect between the 
core and the shell.37 An Au incorporated Co(OH)2 micro-
clustered electrocatalyst was reported to show better OER 
performance compared to Co(OH)2 by lowering the binding 
energy of intermediates on Co(OH)2-Au where the Au acted as 
an electron sink for the oxidation of Co2+ and Co3+ to Co4+.35 
However, further research is required to understand the exact 
role that Au plays in these systems.  In this work we investigate 
Co(OH)2 and Co(OH)2-Au materials to determine the influence 
of Au on the OER under alkaline conditions. We correlate Near 
Edge X-ray Absorption Fine Structure (NEXAFS) data to 
conventional characterisation techniques to understand the 
chemical changes that occur at the surface of both Au-free, and 
Au-incorporated Co(OH)2 thin film electrocatalysts and how this 
impacts their OER performances.

2 Experimental
2.1 Preparation of Co-based thin films

Pristine and Au-incorporated Co(OH)2 electrocatalyst films were 
prepared as working electrodes on three different substrates: 
Pt-coated silicon nitride windows, glassy carbon (GC) electrode 
and a Pt-coated silicon wafer (Table S1). The Pt-coated silicon 
nitride substrates were used to prepare samples for NEXAFS 
data collection, while a GC electrode with 3 mm diameter was 
used to measure the electrocatalytic performance of the 
prepared electrocatalyst. The Pt-coated silicon wafer was used 
to electrodeposit films for pre-characterisation using scanning 
electron microscopy (SEM), energy dispersive X-ray 
spectroscopy (EDX), transmission electron microscopy (TEM) 
and X-ray photon spectroscopy (XPS). All films were prepared 
under ambient conditions at a temperature of 18°C. Silicon 
nitride windows were first coated with 2 nm thick adhesion 
layer of titanium followed by a 10 nm thick platinum coating via 
electron-beam physical vapour deposition to improve 

conductivity of the substrate. A standard 3-electrode system 
consisting of an Ag/AgCl reference and Pt wire counter 
electrode was used for electrochemical experiments. Co(OH)2 
was electrodeposited from a 10 mM solution of Co(NO3)2  by 
chronoamperometry (CA). Co(OH)2 incorporated with Au was 
similarly electrodeposited from a solution of 10 mM Co(NO3)2 

and 1 mM KAuBr4. An Au film was also deposited on a GC 
electrode and the Pt-coated silicon wafer from a 1mM KAuBr4 
solution. The potential applied for each electrodeposition was -
1.05 V (vs. Ag/AgCl) for 60 s following previous literature.34 The 
resulting Co oxide film thickness was approximately equal to a 
few microns. These films were subjected to OER in 0.1 M NaOH 
at 0.75 V (vs. Ag/AgCl) for 4 h. Small bubbles of O2 were 
observed during the reaction on the film surface and inside the 
solution (Figure S4). Cyclic voltammograms (CV) for Co(OH)2  
and Co(OH)2-Au films were recorded between a range of 0.9 – 
1.66 V (vs RHE) at a sweep rate of 20 mV s-1 in 0.1 M NaOH to 
measure their electrochemical performance. (See supporting 
information for further details.)

2.2 Surface characterisation

SEM and EDX were performed using a Zeiss Sigma FESEM with 
an accelerating voltage of 5.0 keV and 30 keV respectively. TEM 
images were taken using a JEOL 2100 instrument at 200 kV. X-
ray photoelectron spectroscopy measurements were carried 
out on an AXIS Supra instrument (Kratos Analytical, UK). All the 
measurements were done using the charge neutraliser as a 
default. Atomic compositions for all the elements were 
calculated using the CasaXPS software.
     NEXAFS spectra of the prepared pre- and post-OER samples 
were collected at the SXR beamline at the Australian 
Synchrotron.41 The films were electrodeposited on silicon 
nitride windows that were mounted on a stainless-steel sample 
holder using a double-sided carbon tape. The base pressure in 
the system was 5x10-10 Torr. Co L edge data were collected at 
55ᵒ incidence angle over the energy range of 770 eV to 820 eV 
using an energy step of 0.1 eV acquiring 500 data points. A 
reference sample of Co foil was placed upstream and 
simultaneously measured to provide a standard for the X-ray 
energy reference for the scans with the L3 peak calibrated to 
778.6 eV. Two detection modes: Auger Electron Yield (AEY) and 
Total Fluorescent Yield (TFY) were used to acquire the 
absorption signal by using a hemispherical electron analyser 
and retarding grid analyser, respectively. The signal is more bulk 
sensitive in TFY compared to AEY due to the greater escape 
depth of the fluorescent X-rays compared to electrons.  The 
data were normalised with respect to the incident photon flux 
monitored using a gold mesh with high transmissivity placed 
upstream of the sample. A linear background fitted to the pre-
edge region was subtracted from the spectra.

3 Results and discussion  
Cyclic voltammetry was used to investigate the effect of Au 
within an electrodeposited Co(OH)2 film on the OER, which is 
shown in Figure 1. The Co(OH)2-Au sample shows a significant 
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reduction in the onset potential to 1.45 V compared to 1.55 V 
for Co(OH)2. The current density is also significantly higher over 
the potential range of 1.45 V until the end of the sweep at 1.66 
V. Both samples were briefly tested for stability with little 
change in activity of both films over 10 cycles (Figure 1a). A 
control electrodeposited Au sample was also tested which is 
essentially inactive for the OER in the potential range of study. 
The Tafel plot presented in Figure 1b shows tafel slope values 
of 79 and 87 mV dec-1 for Co(OH)2-Au and Co(OH)2, respectively. 
This indicates improved electron transfer kinetics at Co(OH)2-Au 
but no change in the rate-determining step. In addition, the 
electrochemical surface area (ECSA) of the Co(OH)2-Au film was 
found to be smaller than that of the Co(OH)2 film (Figure S3, 
Table S2) which means that the enhanced activity of the Au 
incorporated film must be from a different phenomenon other 
than an increased active surface. To understand why the 
presence of Au is improving efficiency of the OER both catalysts 
were extensively characterised before and after continuous 
electrolysis for 4 h at a potential of 1.75 V vs RHE.
     Characterisation after the OER was undertaken as it is now 
well established that transition metal oxide/hydroxide catalysts 
can change quite significantly both in terms of their morphology 
and chemical composition.28, 34, 42 The as-deposited Co(OH)2 film 
shows a flake-like morphology associated with metal hydroxide 
films and a uniform distribution of Co and O throughout the film 
(Figure 2a). After OER the film appears slightly rougher but 
largely the morphology remains constant (Figure 2b). For 
Co(OH)2-Au the presence of Au produces a significantly 
smoother morphology (Figure 2c). EDX mapping shows Au is 
deposited as clusters across the film, where the size of the Au 
clusters varies from 5-15 nm. After the OER, the film 
morphology changes significantly with a large increase in the 
fine-grained coarseness of the film. The presence of gold is still 
maintained in the film in similar clusters (Figure 2d). This 
increased general film roughness would partially explain the 
increase in OER current density seen for the Co(OH)2-Au sample 
due to greater accessibility to active sites, however, it would not 
explain the significant change in onset potential, indicating that 
this is not purely a surface area effect as also indicated by the 
ECSA measurements. Further morphological investigation of 
the as-deposited Co(OH)2 film by TEM shows sheet like 
structure (Figure 3a) with a d spacing of 2.55Å which is in 
accordance with the α-Co(OH)2 (012) plane.43 After the OER the 
film shows some agglomeration where the lattice spacing 
increases to 3.05Å (Figure 3b). This is consistent  with the Co3O4 
(220) crystalline plane.44 Elsewhere,  sheet structures are 
observed (Figure 3b) where the lattice spacing is 2.2Å. In the 
TEM image of the Co(OH)2-Au film, Au spots are clearly visible 
on the  sheet nanostructures (Figure 3c). Here, the lattice 
spacing is 3.12 Å indicating the formation of Co3O4 and the 
presence of the (220) plane44 while lattice fringe spacings for Au 
are measured at 2.32Å consistent with the (111) plane45. The 
structure of the cobalt oxide around the Au spots is amorphous 
in the Co(OH)2-Au film compared to the  structure in the Au free 
zones in the same film, where crystalline regions are observed 
more easily. After the OER the morphology remains essentially 
the same as the as-deposited Co(OH)2-Au film (Figure 3d), but 

both Co oxide and Au crystalline regions can be found in the 
same vicinity. After the OER  the lattice spacing in the film is 2.32 
Å which is attributed to the Co3O4 (222) plane46 while for the Au 
particle it remains at 2.37 Å for Au (111 ). This interfacial region 
between Au and Co3O4 may be responsible for increased activity 
given recent reports on the importance of heterojunctions in 
electrocatalyst films for the OER.24, 47, 48 The presence of gold 
was also confirmed by XRD analysis shown in Figure S1.45 No 
distinct peaks due to either Co(OH)2 or Co3O4 were found for 
the as deposited or post OER films suggesting that the 
crystalline regions are not extensive within the 
electrodeposited films. While the TEM analysis indicates the 
presence of both crystalline and amorphous phases of various 
cobalt oxides on the films, further investigation is required to 
confirm their oxidation states and the effect of Au on them to 
explain the enhanced activity of the Co(OH)2-Au film.

     To determine the influence of surface chemistry, XPS 
characterisation was undertaken (Figure 4). The XPS survey scan 
is also provided in Figure S2 showing the presence of Co, O and 
Au as expected. For Co(OH)2 the Co XPS spectrum has a peak at 
780.2 eV due to Co 2p3/2 which is in accordance with Co(OH)2 
representing the Co2+ state (Figure 3a).49 This peak is slightly 
shifted to lower binding energy to 779.6 in the Co(OH)2 post-
OER sample (Figure 4c) while another peak at 782.0 eV in the 
pre-OER sample also shifted to a lower binding energy of 781.1 
eV in the post OER sample (Figure 3a and 3c). This chemical shift 
distinguishes the divalent oxide in the post sample from its 
hydroxide in the pre- sample, 49 and indicates the formation of 
Co3O4 or CoOOH species. The suppression of the peak at 785.5 
eV and appearance of the peak at 789.1 eV after the OER (Figure 
3c) is also indicative of Co3O4 or CoOOH formation.34

For the O 1s XPS spectra the O 1s spectrum in the Co(OH)2 
sample is comprised of three peaks (Figure 3b) in the pre-OER 
sample and four peaks in the post OER sample (Figure 3d). The 
main peak in the pre sample is at 531.2 eV which is the O from 
the hydroxyl group. 49 In the post OER sample two peaks at the 
lower range from 528-529 eV and the main peak at 531.1 eV 
indicate the presence of lattice oxide ions O2-.49 The intensities 
of oxide and hydroxyl peaks are very close in the post-OER film, 
indicating that CoOOH is starting to form at this stage of the 
reaction. In addition, oxygen from adsorbed H2O can be seen in 
both samples near 532.5 eV.
     For Co(OH)2-Au the Co 2p3/2 , O 1s and Au 4f XPS spectra for 
the pre- and post-OER samples are shown in Figure 3f-h and 3i-
k, respectively. For the Co 2p3/2 spectrum, similar changes occur 
after the OER when compared to Co(OH)2, therefore the 
presence of Au is not influencing this transformation of Co(OH)2 
into higher oxidation Co species such as Co3O4 (as seen from 
TEM analysis) or CoOOH. Likewise, the O 1s spectra are similar 
both before and after the OER when compared to Co(OH)2, 
where the only difference is the presence of small amount of 
lattice oxides in the pre-OER sample. The Au 4f spectra (Figure 
4h and 4k) is in accordance with the presence of Au0 with two 
main peaks at around 84.4 and 87.9 eV.50 Interestingly oxidation 
of Au is not observed after the OER, indicating that Au is most 
likely present below a surface layer of Co(OH)2. When the Au 4f 
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spectrum from an electrodeposited Au film (no Co(OH)2) is 
compared with the pre-OER Au 4f spectrum, a shift to  lower 
binding energy is observed in the Co(OH)2-Au pre-OER sample 
(Figure 4e). This indicates an electronic shift in the film as Au 
acts as an electron sink when Co(OH)2 is present. From the XPS 
analysis, the presence of Au does not extensively influence the 
surface chemistry of the film which in both cases results in a 
cobalt oxide/hydroxide containing Co in a higher oxidation state 
than the initial Co(OH)2 film.  Therefore, the origin of the shift in 
onset potential for the OER and significantly increased current 
density is likely due to another phenomenon. Previous work34, 

38 has indicated that the electronegativity of Au promotes Co4+ 
formation, which is responsible for increased OER activity, 
however the cyclic voltammogram in Figure 1a does not 
indicate that this process has occurred (no observation of an 
obvious redox peak prior to the onset of the OER) while the XPS 
data indicates that the changes in surface oxidation states are 
comparable between Co(OH)2 and Co(OH)2-Au and that the 
addition of Au does not promote Co4+ formation.

To investigate potential interactions occurring between Au 
and Co(OH)2 that are not observable by XPS, NEXAFS spectra of 
the pre- and post-OER samples were collected in AEY and TFY 
modes at the SXR beamline at the Australian Synchrotron.41 The 
L edge spectra of Co are separated into two regions; L2 and L3 
that originate from the 2p core hole spin-orbital coupling51 
(Figure 5a). The absorption peaks originate from the dipole 
transitions between the core 2p level and unoccupied 3d states. 
The two levels have Coulomb interactions that are governed by 
the local electronic structure.52, 53 The spectrum shows a 
multiplet peak starting at 777 eV followed by two subpeaks 
(peaks 1, 2 and 3), another peak at 780 eV (peak 4) while a 
shoulder is observed at 782.5 (peak 5). The multiplet peaks 1, 2, 
and 3 originate from the electronic transition associated with 
the Co2+ site symmetry in the crystal structure of Co(OH)2.54 The 
peak splits into four sub-points due to geometrical distortion of 
the crystal structure of charge neutral interspacing layers 
between two different layers of the crystal lattice.54 The peaks 
obtained in both pre-OER samples of Co(OH)2 and Co(OH)2-Au 
match the NEXAFS peaks of Co2+ Oh symmetry54 while similar 
peaks are observed in the TFY spectra (Figure 6a) divided into 
the two regions L2 and L3.

     When the NEXAFS spectra of Co(OH)2 before and after the 
OER are compared, stark differences can be seen (Figure 5c). 
The post-OER spectrum has shifted to higher energy, indicating 
a shift to a higher valency/oxidation state which is in accordance 
with the XPS data.55 In addition, peak 4 intensifies significantly 
compared to peak 2 and peak 3 and a sharper peak 6 is observed 
in the post OER spectrum. These features of the Co(OH)2 post 
OER sample match with the HS-CoO+LS-EuCoO3 scenario (HS: 
high spin, LS: low spin) described by Chang et al.56, denoting a 
mixture of high spin and low spin states (intermediate spin 
state) configurations, while the dominant peak 4 in this 
spectrum indicates Co3+ in the cobalt structure.57

Two satellite peaks (peak 7 and peak 8) can be seen at 784.5 
eV and 799.5 eV respectively, and originate from a metal-to-

ligand charge transfer (MLCT) to unoccupied ligand orbitals 
involved in π back-bonding to the Co site,58 which has been 
reported in other systems. 59 
     Similar changes can be seen when the NEXAFS spectra of 
Co(OH)2-Au pre- and post-OER samples are compared (Figure 
5d), but the charge transfer peaks (peaks 7 and 8) are less 
prominent in the Co(OH)2-Au  post OER sample spectrum 
(Figure 5b), indicating that the addition of Au results in a lower 
MLCT to unoccupied ligand orbitals. We suggest that this is due 
to the more electronegative Au pulling the shared electrons 
involved in the π back-bonding between the Co metal and 
unoccupied ligand orbitals, thus reducing the charge transfer 
effects. This can be seen more clearly in Figure 5b where peak 7 
and peak 8 are sharper in the Co(OH)2 post OER sample than in 
the Co(OH)2-Au post OER sample. When the AEY and TFY 
spectra are compared against the dominant characteristic peak 
4 in the Co(OH)2 post OER samples (Figure 6c) it can be seen 
from the relative peak intensity ratios between peak 7 and peak 
4, that the satellite peaks are sharper in the AEY spectrum than 
in TFY spectrum (0.44 in Co(OH)2 AEY, 0.31 in Co(OH)2 TFY). As 
AEY is more surface sensitive than TFY (only measuring the top 
few nm) these results indicate that the charge transfer effect is  
more dominant at the surface.60 The same trend is also noticed 
in the Co(OH)2-Au post OER sample (Figure 6b) (relative peak 
intensity ratios between peak 7 and peak 4 are: 0.34 in Co(OH)2-
Au AEY and 0.23 in Co(OH)2-Au TFY). We suggest that this 
limited charge transfer effect leads to the enhanced 
performance of the Co(OH)2-Au thin films for the OER. The 
general mechanism is believed to be the following:38 

M + OH- → M-OH* + e- (1)
OH- + M-OH* → H2O + M-O* + e- (2)

M-O* + OH- → M-OOH* + e- (3)
M-OOH* + OH- → M-O2 + H2O + e (4)

M-O2 → M + O2 (5)

where M refers to the metal, in this case Co and -OH*, -O*, -
OOH* are intermediate ligands. 

     It has been reported that the Co cations in the electrocatalyst 
reach higher oxidation states during the earlier steps of OER 
(eqns. 1-3) but need to convert back to lower oxidation states 
for the final desorption process of O2 from the catalyst surface 
(eqn. 5).37, 61 The presence of Au reduces the charge transfer 
between the ligand and the metal cations enabling this 
conversion of Co ions to lower oxidation states and easier 
desorption of O2 thereby leading to an overall increase in 
catalyst efficiency. In addition, if less MLCT occurs then the 
electrophilicity of the adsorbed O that is formed early in the 
reaction (eqns. 1-2) is enhanced which would facilitate the 
formation of O-OH via nucleophilic attack by an OH- anion (eqn. 
3). The process described in eqn. 3 is the rate determining step 
for the OER.38 Therefore, the presence of Au appears to directly 
effect this rate determining step resulting in enhanced OER 
catalysis. 
     The schematics in Figure 7 outlines the metal to ligand charge 
transfer effect in Au incorporated and Au free thin films of 
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Co(OH)2 based electrocatalysts. The highly electronegative Au 
in the Co(OH)2-Au  sample pulls the shared electron in the π 
back bonding between the metal and the ligands facilitating the 
nucleophilic attack of the OH- ions from the alkaline medium on 
the adsorbed oxygen which then results in desorption of an 
oxygen molecule from the catalyst surface. This also leads to the 
conversion of higher valency Co back to a lower valency for the 
reaction to continue. In the Au free catalyst, no such electron 
pull is felt by the shared π back bonding electrons between the 
metal and ligands leading to a higher MLCT process and 
increased electron density around the adsorbed oxygen on the 
catalyst surface which reduces its reaction with hydroxyl ions 
via eqn. 3. Hence, we observe increased current density 
indicating more oxygen formation at the anode in the Co(OH)2-
Au system. 
     Previous work on a soft X-ray absorption spectroscopy study 
of the O K-edge in a Ni-Fe(OxHy) electrocatalyst for the OER 
revealed formation of electron-deficient oxygen sites, highly 
electrophilic in nature, that appear and disappear in relation to 
the transformation process of Ni2+ → Ni3+/4+ → Ni2+, and 
facilitate nucleophilic attack, although no MLCT satellites peaks 
were observed in the NEXAFS of Ni or Fe L-edge spectra.62 In 
another study, a Ni oxide monolayer on Au electrode showed 
higher OER activity compared to the OER performances of β-
NiOOH and γ-NiOOH on Ni electrodes.63 The enhanced OER 
activity was attributed to the charge transfer effect from the 
oxide to the highly electronegative Au, resulting in the potential 
formation of a mixed Ni/Au oxide, which was supported by in 
situ Raman and ex-situ XPS studies.63 In a NEXAFS study of Mn 
L-edge spectra of an Au supported nanoparticulate MnOx 
catalyst for the OER, it showed enhanced OER activity compared 
to pure MnOx where interfacial or local effect of Au favoured 
formation of less oxidised MnOx, however no MLCT effects were 
explored.64 These studies indicate that there may be scope for 
further X-ray absorption spectroscopy studies of these systems 
to explore the effects of charge transfer in the presence of Au.

Conclusions
Au-incorporated, and Au-free Co(OH)2 based thin films were 
compared as electrocatalysts for the OER under alkaline 
conditions where it was found that the presence of Au resulted 
in significant enhancement in OER performance which was not 
due to increased surface area. XPS analysis revealed that 
Co(OH)2 in the absence and presence of Au resulted in similar 
surface chemistry after the OER, namely the formation of Co3O4 
and CoOOH. However, TEM analysis revealed the formation of 
crystalline regions of Co3O4 around the Au particles which may 
contribute to enhanced activity. NEXAFS analysis illustrated a 
reduced charge transfer effect between the oxygen ligand and 
Co cations due to the high electronegativity of Au in the film. 
This phenomenon increases the electrophilicity of the adsorbed 
oxygen of the M-O* intermediate on the catalyst surface that 
allows for nucleophilic attack of hydroxyl ions to form the key 
reactive M-OOH* species which then proceeds to form 
adsorbed O2 and ultimately its evolution from the surface. This 
study encourages further investigation using NEXAFS on other 

electrocatalytic reactions where the presence of an MLCT 
process could be an influencing factor. 
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Fig. 1 (a) Cyclic voltammograms for Co(OH)2 (black) and Co(OH)2-Au (red) films show 
higher current density and earlier onset potential for the Co(OH)2-Au film. The cyclic 
voltammogram for a pure Au film shows significantly worse performance (blue). (b) The 
Tafel plots for Co(OH)2 (black) and Co(OH)2-Au (red) films that show improved electron 
transfer kinetics at Co(OH)2-Au.

Fig. 2 SEM and EDX images of (a) Co(OH)2, (b) Co(OH)2 after 4 h of the OER, (c)  Co(OH)2-
Au and (d) Co(OH)2-Au after 4 h of the OER.  Co(OH)2 has a flake like surface while 
Co(OH)2-Au surface appears smoother. After OER both films become coarser. EDX maps 
show uneven distribution of Au in Co(OH)2-Au which is present in reduced agglomeration 
after the OER. 

Fig. 3 TEM images of (a) Co(OH)2, (b) Co(OH)2 after 4 h of the OER, (c) Co(OH)2-Au and (d) 
Co(OH)2-Au after 4 h of the OER films. 
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Fig. 4  XPS spectra of Co 2p, O 1s and Au 4f for (a-b) Co(OH)2 (c-d) Co(OH)2 post-OER (f-
h) Co(OH)2-Au and (i-k) Co(OH)2-Au post-OER. Co 2p indicates shift to a higher oxidation 
state in both samples after OER while O 1s points to partial oxidation of hydroxide to 
lattice oxide after OER. Shoulder peaks in Au 4f indicates presence of Au presumably 
under a surface layer of Co(OH)2. Comparison of the Au 4f XPS spectra of an Au film (e) 
with the Co(OH)2-Au pre-OER Au 4f spectra (h) shows a shift of the main peaks to a lower 
energy in the Co(OH)2-Au pre-OER film, indicating an electronic shift in the film as Au acts 
as an electron sink when Co is present.

Fig. 5 NEXAFS spectra comparison in AEY mode between (a) Co(OH)2 and Co(OH)2-Au 
samples, (b) Co(OH)2 and Co(OH)2-Au post OER samples (c) Co(OH)2 pre OER and Co(OH)2 
post OER samples (d) Co(OH)2-Au pre- and Co(OH)2-Au post-OER samples. Two regions 
L2 and L3 are observed from spin-orbit coupling that match the NEXAFS peaks of Co2+ Oh 
symmetry. The shift to higher energy of the post-OER spectra in both samples is due to 
the shift to a higher oxidation state of cobalt. Satellite peaks 7 and 8 are observed in the 
post-OER samples that originate from the metal-to-ligand charge transfer, but they are 
less prominent in the Co(OH)2-Au post OER sample.

Fig. 6 NEXAFS spectra comparison between (a) Co(OH)2 and Co(OH)2-Au pre OER in TFY 
mode, (b) Co(OH)2 post OER AEY and TFY (c) Co(OH)2-Au post OER AEY and TFY. When 
the intensity of the satellite peak 7 is compared to that of the most prominent peak 4 in 
both AEY (blue) and TFY (red) mode, peak 7 appears less intense in TFY mode than in the 
AEY mode indicating that metal-to-ligand charge transfer is more of a surface 
phenomenon.
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Fig. 7 Schematic of the influence of the metal-ligand-metal charge transfer effect in Au 
incorporated and Au free Co(OH)2 based thin film electrocatalyst for the OER. The Au in 
the Au incorporated Co(O H)2 film (a) draws the electrons due to its high electronegativity 
reducing metal to ligand charge transfer, thus enabling stronger nucleophilic attack on 
the surface ligands by the OH- from the electrolyte while absence of Au in the Au free 
Co(OH)2 film (b) shows no such effect on the MLCT leading to a weaker nucleophilic 
attack by the OH- on the electron rich surface ligands.
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