
Electrochimica Acta 490 (2024) 144269

Available online 17 April 2024
0013-4686/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Effect of the synthesis route and Co Coverage on Co / Ti3C2Tx materials for 
the oxygen evolution reaction 

Can Kaplan a, Ricardo Mogollon Restrepo a, Thorsten Schultz b,c, Ke Li d, Valeria Nicolosi d, 
Norbert Koch b,c, Michelle P. Browne a,* 

a Helmholtz Young Investigator Group Electrocatalysis: Synthesis to Devices, Helmholtz-Zentrum Berlin für Materialmen und Energie, 14109 Berlin, Germany 
b Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Berlin, 14109, Germany 
c Institut für Physik & IRIS Adlershof, Humboldt-Universität zu Berlin, Berlin, Germany 
d School of Chemistry, CRANN and AMBER Research Centres, Trinity College Dublin, College Green, Dublin D02 PN40, Ireland   

A R T I C L E  I N F O   

Keywords: 
Alkaline water splitting 
Oxygen evolution reaction (oer) 
MXenes 
Co Hydroxide 
Co-LDH 

A B S T R A C T   

Green hydrogen resulting from water electrolysis is a key component for the transition to a renewable energy 
economy. However, it’s success highly depends on active and stable electrocatalysts for the oxygen evolution 
reaction (OER) which is the bottleneck reaction of water electrolysis. Herein we assess the OER performance of 
non-noble metal-based electrocatalysts comprising Co oxide/hydroxide and delaminated 2D transition metal 
carbide sheets, Ti3C2Tx MXene. The catalytically active sites are provided by Co oxide/hydroxide, while the 
MXene contributes exceptional electrical conductivity. Our comprehensive electrochemical evaluation of their 
OER performance reveals that the chemical functionalization of Co on MXene sheets outperforms the pure Co or 
MXene alone, as well as physically mixed materials, across all tested performance metrics. From the materials 
characterisation, the chemical functionalized Co/Ti3C2Tx materials exhibit increased formation of layered double 
hydroxide (LDH) Co(OH)2 structures compared to the pure Co and physically mixed materials which may result 
in the improved OER activity observed for these materials. These findings emphasize the potential of anchoring 
transition metal oxides/hydroxides on MXene as a superior OER electrocatalyst for advancing sustainable green 
hydrogen production.   

1. Introduction 

Water splitting, the process of dividing water into its constituent 
elements, hydrogen and oxygen, through electrolysis, is a process at the 
forefront of green energy initiatives, particularly in the context of pro
ducing clean and renewable hydrogen for various applications [1]. One 
crucial aspect of water splitting lies in the oxygen evolution reaction 
(OER), where the development of efficient electrocatalysts is imperative 
for enhancing the overall performance of water electrolysis systems [2]. 
This is because the OER exhibits sluggish kinetics which makes this re
action the bottleneck of water electrolysis. Finding low-cost, stable, and 
efficient OER catalysts is vital for reducing energy losses and improving 
the economic feasibility of green hydrogen production. Hence, there is a 
pressing need to explore and develop advanced materials that can ca
talyse the OER with high activity, stability, and cost-effectiveness. 

Selecting the appropriate metal oxides for OER electrocatalysis in
volves a delicate balance of factors such as conductivity, stability, and 

catalytic activity. Transition metal oxides (TMOs) have garnered sub
stantial attention due to their promising electrocatalytic properties [3]. 
To date, the most effective OER catalysts reported for acidic media are 
oxides based on iridium and ruthenium, both of which are precious 
metals [4]. In contrast, in alkaline conditions, cheaper and more abun
dant 3d transition metals can serve as catalysts as their oxides and hy
droxides remain thermodynamically stable [2]. Consequently, various 
materials incorporating iron, nickel, manganese, or cobalt have shown 
good catalytic performance for the OER [2]. 

Out of the numerous crystallographic phases these 3d transition 
metals can exist in, the layered double hydroxide (LDH) family of ma
terials has emerged as promising candidates. LDHs based on cobalt, 
chromium, nickel, iron, manganese, or their alloys have already been 
reported as efficient catalysts for the OER in alkaline media [5–7]. The 
general formula for LDH can be represented as 
[M2+

1− xM3+
x (OH)2]

x+
[Ax/n]

n− ⋅mH2O where M2+ and M3+ denote divalent 
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and trivalent metal cations, respectively [8]. The hydroxide ions coor
dinate with these metal cations to form positively charged brucite-like 
layers. The interlayer space accommodates intercalated anions An−

which compensate the positive charge of the main layer. This layered 
structure enables facile ion exchange and provides active sites for cat
alytic reactions [3]. 

However, while LDH materials exhibit promising catalytic activity 
for certain reactions, these materials generally suffer from a poor 
intrinsic electronic conductivity [9]. Being composed of metal cations 
and hydroxide anions, the electronic conductivity of LDH materials re
lies largely on charge transfer processes between different metal cations 
in the layered structure [10]. This limits their performance as electro
catalysts in reactions with stringent conductivity requirements such as 
the OER. One strategy to enhance the electronic conductivity of LDHs 
comprises the introduction of conductive additives (e.g. carbon nano
tubes (CNT)) [11] creating composite materials. This approach ad
dresses the weakness of limited intrinsic electronic conductivity thereby 
improving the overall electrocatalytic performance of LDHs. However, 
carbon based additives can corrode under potentials relevant for OER 
and the associated anodic current can confound the interpretation of 
OER activity [12]. 

In this regard, MXenes with their unique combination of high elec
tronic conductivity (8000–10 000 S cm− 1) [13,14], hydrophilicity, and 
tuneable surface chemistry have attracted much attention as promising 
supports for enhancing the performance of metal oxides in catalysing the 
OER [15–17]. MXenes are a family of two-dimensional (2D) transition 
metal carbides, nitrides, or carbonitrides, first discovered in 2011 [18]. 
Their hexagonal structure consists of a succession of M6X octahedra 
layers with the general formula Mn+1XnTx, where M is a transition metal 
(e.g., Ti, V, Nb), X is carbon and/or nitrogen and n is the number of 
layers. Tx is usually added to represent the surface terminations resulting 
from the synthesis process, such as -OH, -O, or -F termination groups 
[18]. MXenes are typically derived from MAX phases, layered ternary 
carbides or nitrides of the general formula Mn+1AXn, in a process 
involving selective etching of the ‘A’ layer (group III-A or IV-A elements) 
from the MAX phase, leaving behind the 2D MXene structure. The sur
face terminations Tx are formed during this exfoliation step and are 
controlled by the exfoliation conditions [13,19,20]. These surface ter
minations are potential anchoring points for catalytically active parti
cles/materials. In particular, -OH and -O groups can form strong 
chemical bonds with metal oxides, enhancing dispersion of metal 
nanoparticles on the MXene surface, preventing agglomeration, and 
promoting a uniform distribution of catalytic sites. Furthermore, these 
chemical bonds enable charge transfer between the MXene and the 
metal oxide nanoparticles, improving the overall conductivity and cat
alytic activity of the composite [21]. 

Among the numerous possible elemental combinations arising from 
the formula Mn+1XnTx, titanium carbide (Ti3C2Tx) was the first suc
cessfully synthesized MXene and as such, naturally a focal point of 
research. In several works it has been showcased as a promising support 
for metal oxide-based catalysts for OER such as Co3O4 [22], FeNi-LDH 
[23], CoFe-LDH [24], MnCo2O4 [25], CuCoO4 [26], and Co(OH)2 
[27]. Prior investigations into Co hydroxide/MXene composites have 
shown promise, with reported improvements in OER catalytic activity 
attributed to the synergistic effects between the Co species and the 
unique properties of MXenes [15]. In literature, Co hydroxide/MXene 
composites have been synthesized by various methods including 
chemical functionalization and physical mixing. Benchakar et al. show 
that by chemically functionalizing Co hydroxide structures onto Ti3C2Tx, 
the resulting materials achieve an overpotential of 330 mV at a current 
density of 10 mA cm− 2, which out-performed the bare Co hydroxide, the 
bare Ti3C2Tx and the state-of-the-art IrO2 catalyst [15]. Furthermore, 
Tyndall et al. report an improvement of the overpotential by 180 mV at 
10 mA cm− 2 after physically mixing a Co hydroxide catalyst with 1 % 
Ti3C2TxMXene [27]. However, a comprehensive understanding of the 
optimization strategies for maximizing OER performance in Co/MXene 

composites is still evolving. In this work, we delve into the synthesis of 
MXene supported Co hydroxide nanocrystals by comparing chemically 
functionalized and physically mixed Co hydroxide/MXenes at various 
MXene concentrations to understand how important the synthesis 
method and concentration of MXene is on the OER for the same Co 
oxide/hydroxide material. 

Herein, we present a comprehensive electrochemical investigation of 
Co/Ti3C2Tx based electrocatalysts. We address key gaps in understand
ing how the Co content and fabrication route can affect the OER and 
characterize them under extensive electrochemical methods, eliciting 
important and previously unexplored performance metrics, e.g., turn
over frequency, stability, faradaic efficiency, and electrochemical sur
face area. The insights derived from our electrochemical analyses not 
only contribute to the growing fundamental knowledge of Co/Ti3C2Tx 
based electrocatalysts but also hold potential implications for opti
mizing the design of MXene supported TMO materials for efficient and 
sustainable water electrolysis.’ 

2. Experimental 

2.1. Synthesis of materials 

Synthesis of Ti3C2Tx: Ti3AlC2 MAX phase (1 g, 5.1 mmol, 400 mesh, 
Carbon, Ukraine) was added over 10 min into a solution mixture con
sisting of LiF (1 g, 38.5 mmol, Sigma-Aldrich) and 9 M HCl (20 mL, 
Sigma-Aldrich) and stirred at 35 ◦C for 48 h, yielding multilayer Ti3C2Tx. 
The mixture was then washed with deionized water by repeatedly 
centrifuging at 3005 × g and discarding the supernatant until pH 
neutrality. To produce few-layer Ti3C2Tx, the as-synthesized multilayer 
Ti3C2Tx was redispersed in deionized water and sonicated for 1 h in an 
ice bath with N2 bubbling. After another centrifugation at 3005 × g for 1 
h, black coloured few-layer Ti3C2Tx dispersion was collected which was 
freeze dried to obtain a few-layer Ti3C2Tx foam. 

Synthesis of pure Co, CF0.39, CF0.56 and preparation of PM0.39 
and PM0.56: The Co/ Ti3C2Tx ratio was chosen to obtain a high 
coverage of the MXene in the final product. Assuming the final 
composition of the Co/MXene composite material as Co(OH)2 and 
Ti3C2(OH)2, the amount of MXene was selected to obtain the final Co/Ti 
atomic ratios of 1.2 and 0.6 corresponding to 3.6 and 1.8 Co atoms per 
Ti3C2(OH)2 unit and Ti3C2(OH)2wt ratios of 39 wt.% and 56 wt.%. To 
synthesize the chemically functionalized composites CF0.39 and 
CF0.56, Ti3C2Tx foam (38 mg, 76 mg respectively) was first dispersed in 
ethylene glycol (35 mL, 99.8 %, Sigma Aldrich) under stirring in N2 
atmosphere for 10 min. Then, anhydrous Co (II) acetate (114 mg, 0,644 
mmol, 99.99 %, Sigma-Aldrich) was added to this suspension. After 30 
min, NaOH (26 mg, 0.65 mmol, ≥97 %, Sigma-Aldrich) was added and 
the mixture was stirred under N2 overnight at room temperature. The 
solution was then transferred into a sealed autoclave and heated at 200 
◦C for 3 h. The product was first centrifuged at 3069 × g for 15 min and 
then repeatedly washed and centrifuged with ethanol (1 ×) and deion
ized water (3 ×) discarding the supernatant after each centrifugation. 
The sediment was dried overnight at 60 ◦C. The pure Co sample was 
produced in the same way, but without the addition of MXene. PM0.39 
and PM0.56 were prepared by physically mixing appropriate ratios of 
pure Co and Ti3C2Tx containing dispersions. 

2.2. Materials characterisation 

X-ray diffractograms were recorded using a Bruker D8 ADVANCE 
powder diffractometer using Cu Kα1 (λ = 0.1541 nm), and Kα2 radiation 
source (λ = 0.1544 nm). Diffraction patterns were collected between 5◦

and 100◦ applying a step size of 0.0131◦ and a step time of 1.5 s. 
Scanning electron micrographs were obtained on a Zeiss MERLIN 0.1–30 
keV field emission gun scanning electron microscopes. Samples were 
prepared by drop casting an ink dispersion containing 0.16 mg of the 
relevant material onto an aluminium specimen holder and drying it 

C. Kaplan et al.                                                                                                                                                                                                                                 



Electrochimica Acta 490 (2024) 144269

3

under a stream of nitrogen. X-Ray Photoelectron Spectroscopy (XPS) 
measurements were conducted using a JEOL JPS-9030 setup with a base 
pressure of 2•10− 9 mbar. Samples were prepared by spray coating an 
Au/Ti coated Si/SiO2 wafer with an ink dispersion made up of 10 mg of 
the relevant catalyst material in 496 µl of H2O, 496 µl of iPrOH and 8 µl 
of Nafion solution. A non-monochromated Al source with 300 W power 
was used for excitation and a hemispherical analyser with pass energy of 
50 eV (surveys) and 20 eV (narrow scans) was used to detect the emitted 
photoelectrons. The analyser binding energy scale was calibrated by 
measuring sputter cleaned gold and copper foils just before the mea
surements and setting the Au4f7/2 peak to 84.00 eV and the Cu2p3/2 
peak to 932.62 eV. Since the samples exhibited charging, the C1s C-Ti 
component of the samples containing Ti3C2 was set to 282.0 eV for 
comparison. This yielded a binding energy of the C-F component of the 
Nafion of 291.7 eV, which was used to calibrate the binding energy of 
the samples not containing Ti3C2. For post OER spectra, 1 cm2 of the 
wafer was immersed into a 1 M NaOH electrolyte solution and was held 
at a constant current of 10 mA cm− 2 for 1 h prior to XPS measurements. 

2.3. Electrochemical characterisation 

Electrochemical experiments were typically conducted using a 
CHI760E potentiostat and a standard three-electrode cell consisting of a 
glassy carbon (GC) rotating disc electrode (RDE) with the catalyst as the 
working electrode, a Hg/HgO reference electrode and a carbon rod as 
the counter electrode. The electrodes were immersed into a nitrogen- 
saturated 1 M NaOH electrolyte solution. 

For RDE experiments, GC RDEs with an electrode area of 0.0707 cm2 

were used. 2.26 µl of an ink dispersion made up of 10 mg of the relevant 
catalyst material in 496 µl of H2O, 496 µl of iPrOH and 8 µl of Nafion 
solution was drop cast onto the GC electrode and dried at room tem
perature, resulting in a catalyst loading of 0.32 mg cm− 2. The electrodes 
were immersed into a 1 M NaOH electrolyte solution. Routinely before 
other measurements, cyclic voltammetry (CV) was performed at a scan 
range of − 0.4 – 0.6 V, and a scan rate of 40 mV s− 1. Linear sweep vol
tammetry (LSV) measurements were conducted at a scan range of 0 −
0.8 V vs. Hg/HgO and a scan rate of 1 mV s− 1. All measurements were 
IR-drop corrected by determining the cell resistance via electrochemical 
impedance spectroscopy (EIS) measured at a potential of 0 V vs. Hg/HgO 
(non-Faradaic region) from 1 MHz to 1 Hz. For measuring the charge 
transfer resistance (Rct), EIS was conducted at a potential of 0.8 V vs. 
Hg/HgO. Double layer capacitance was measured by running multiple 
CVs over a scan range of 100 mV with the scan rate ranging from 1 to 
100 mV s − 1. The respective currents measured in a flat region (non- 
Faradaic) of the scan range were then plotted against the scan rate and 
the double layer capacitance was determined from the slope of this plot. 
Chronopotentiometry was conducted at a constant current of 10 mA 
cm− 2 until material degradation. 

Faradaic efficiency (FE) was measured using a rotating ring-disc 
electrode (RRDE) with a GC disk with an area of 0.1257 cm2 and a 
platinum ring with an area of 0.1885 cm2. Linear sweep voltammetry 
was conducted on the disk at a scan range of 0 − 0.8 V vs. Hg/HgO and a 
scan rate of 1 mV s− 1 while the ring was held at a constant reducing 
potential of − 0.63 V vs Hg/HgO. The collection efficiency of the ring 
electrode was experimentally determined prior to the measurement 
[28]. The potentials measured vs. Hg/HgO were mathematically con
verted to overpotential η using the equation E = EHg/HgO + 0.059 pH +
E0

Hg/HgO + E0, where EHg/HgO is the standard Hg/HgO electrode potential 
equal to 0.098 V at 25 ◦C and E0 is the standard cell potential of OER and 
is equal to 1.23 V. 

3. Results and discussion 

3.1. Synthesis and characterisation of materials 

In this study, Co/MXene materials were prepared by two different 
fabrication routes (chemical functionalization and physical mixing), 
Scheme 1, and two MXene loadings (39 wt% and 56 wt%, excluding the 
pure MXene (100 wt%) material) in order to study how these parameters 
can affect OER performance. For both routes, first, the Ti3C2Tx (MXene) 
was produced by etching the Ti3AlC2 by in-situ exfoliation with LiF and 
HCl to produce multi-layer Ti3C2Tx and then exfoliated to achieve few- 
layer Ti3C2Tx [29]. 

For the first route, chemical functionalization, the MXene composites 
materials are labelled as CF0.39 (MXene loading of 39 wt%) and CF0.56 
(MXene loading of 56 wt%), Scheme 1, route 1. For this route, the 
Ti3C2Tx MXene flakes added to the ethylene glycol solution of Co(II) 
precursor were first treated with sodium hydroxide and then subjected 
to a solvothermal treatment to grow a Co hydroxide phase (see Experi
mental Section, adapted from Benchakar et al.) [15]. For the second 
route, physical mixing (Scheme 1, route 2) the MXene composites, 
denoted as PM0.39 and PM0.56, were prepared by physical mixing of 
Co hydroxide and Ti3C2Tx containing dispersions. 

Scanning electron microscope (SEM) micrographs of relevant mate
rials are depicted in Fig. 1. Micrographs of the Ti3C2Tx starting material 
(Fig. 1a) exhibit the typical 2D-like MXene morphology of tightly 
stacked sheets as reported for MXene synthesized with the etching 
method that involves the use of LiF/HCl [13,30]. Micrographs of the 
pure Co sample (Fig. 1b) show flower like agglomerates of roughly 2–4 
µm diameter composed of Co oxide/hydroxide nanosheets. 

In the chemically functionalized composites similar spherical mor
phologies were found which preferably agglomerated on the surface of 
the MXene sheets seemingly forming an interconnected porous network 
(Fig. 1c-d). Additional growth of Co oxide/hydroxide covering the 
MXene surface was further discernible. Even though surface coverage of 
the MXene was not quantified, during the SEM observation of sample 
CF0.39 (Fig. 1c) it can be noted that most of the MXene surface appeared 
to be covered with Co hydroxide while in micrographs of sample CF0.56 
(Fig. 1d) many exposed MXene sheets were observed. This suggests that 
Co/Ti ratios lower than 1.2 lead to insufficient coverage of the MXene 
surface. Furthermore, in the physically mixed reference samples (Fig. 1e 
and f) the almost complete absence of Co oxide/hydroxide on the surface 
of the MXene was noted. These findings demonstrate the necessity and 
the success of the chemical anchoring of Co oxide/hydroxide onto the 
MXene surface via the solvothermal procedure used herein. 

X-ray photoelectron spectroscopy results for all materials are shown 
in Fig. 2. From the Co2p region (Fig. 2a), all of the materials which used 
the Co salt precursor during the synthesis step, have now transformed 
into either CoO or Co(OH)2. A distinction from the Co2p region alone is 
not possible (compare Biesinger et al.) [31]. While the Co2p spectra of 
the CF samples are virtually identical, the satellite peak at ~788 eV is 
slightly weaker for the PM samples, indicating a difference in the Co 
oxide structure for those two preparation routes. The Ti-C peaks at 282 
eV (C1s) as well as the titanium peak at 455 eV (Ti2p) are clear in
dications of the formation of Ti3C2Tx MXene and are also visible for both 
CF and PM samples. 

The X-ray diffraction (XRD) patterns of the Ti3C2Tx, pure Co and the 
composite materials recorded with a Cu Kα radiation source are pre
sented in Fig. 3. The diffraction peaks obtained for the Ti3C2Tx sample 
(Fig. 3a) at positions 6.2, 17.82, 29.0, 35.62, 42.59 and 60.76 ◦ are in 
good agreement with reported patterns for Ti3C2Tx MXene prepared via 
LiF/HCl etching [32,33]. Additionally, weak diffraction peaks at 2θ 
values of 10.68 and 21.5 ◦ show that only residual amounts of the initial 
Ti3AlC2 MAX phase remained in the sample; while most of the starting 
material was etched yielding the Ti3C2Tx MXene. 

The diffraction pattern of the pure Co sample (Fig. 3b) indicates a 
mixture of two phases. A primary phase of Co(OH)2 with characteristic 
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peaks at 18.81, 32.52, 37.88, 51.24, 58.1, 61.6, 69.08 and 71.59◦

(JCPDS no. 30–0444) and a secondary hydrotalcite like phase of Co-LDH 
with peaks at 10.41, 34.5, 44.43 ◦ and a shoulder at 20.91 ◦, (JCPDS no. 
53–0917). In the diffraction patterns of the chemically functionalized 
composites (Fig. 3c), the intense (002) peak at 6.2◦ as well as the 
absence of a diffraction line at 25.23◦ typical for TiO2 confirm the 
preservation of the oxidation sensitive MXene during the solvothermal 
process [34]. In contrast to the patterns of the pure Co and the physically 
mixed materials (Fig. 3d), in the Ti3C2Tx supported materials the intense 
peaks characteristic for Co(OH)2 (JCPDS no. 30–0443) at 18.8, 32.5 and 
38.0 ◦ were weaker or not found. This suggests that the MXene instead 
promotes the formation of Co-LDH also evidenced by the peak at 10.63◦

characteristic for the hydrotalcite like phase for the materials made by 
chemical functionalization and is further promoted by a lower wt% of 
MXene. 

3.2. Electrochemical evaluation 

The electrochemical behaviour of the pure Co, Ti3C2Tx and the Co/ 
MXene composite materials were characterized in a nitrogen-saturated 1 
M NaOH electrolyte. 

First, cyclic voltammetry (CV) was conducted at a scan rate of 40 mV 
s− 1 as presented in Fig. 4. In the pure Ti3C2Tx sample, an irreversible 
oxidation peak was observed at around 0.91 V versus the reference 
hydrogen electrode (RHE). This peak can be attributed to the Ti(III)/Ti 
(IV) redox transition [35]. For the pure Co sample, an irreversible 
oxidation peak at 1.50 V vs. reference hydrogen electrode (RHE) was 
observed, indicating Co(II)/Co(III) and Co(III)/Co(IV) redox transitions 
that cause the formation of active sites for OER [36,37]. This Co 
oxidation peak is still discernible in the composite materials CF0.39 and 
CF0.56 where it was shifted by 0.1 V to a lower potential and its in
tensity decreases with the Co content. For the physically mixed com
posites PM0.39 and PM0.56 the Co peak appeared much weaker and 
gradually decreased in further CV cycles (Figure S1). It is unclear what 

Scheme 1. Preparation routes to Ti3C2Tx MXenes, MXene supported Co oxide/hydroxide and physically mixed reference materials.  

Fig. 1. Scanning electron micrographs of a) Ti3C2Tx, b) pure Co, c) CF0.39, d) CF0.56, e) PM0.39 and f) PM0.56.  
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causes this decrease; however, a possible explanation could be the loss of 
conductivity of the catalysts layer caused by oxidation of the MXene or 
the MXene covering the Co oxide OER active material. However, after 
the first cycle the Co(I)/Co(II) transition at 1.05 V vs. RHE is observed 
which shows that the Co sites are exposed. 

For the composite materials CF0.39 and CF0.56 no Ti(III)/Ti(IV) 
oxidation peak was registered at this potential, while for the physically 
mixed reference materials the Ti-oxidation peak was clearly visible. This 
seems to suggest that surface functionalization of the Ti3C2Tx with Co 
oxide/hydroxide prevents the oxidation of the MXene, which is in 
agreement with previous characterisations. Therefore, anchoring the Co 
oxide/hydroxide phase by a chemical method is clearly necessary to 
establish a protective surface layer for the MXene, as physical mixing of 
the components seems insufficient to prevent MXene oxidation. 

One of the key parameters used to evaluate the performance of an 
OER electrocatalyst is the overpotential required to achieve the 

benchmark current density of 10 mA cm− 2, η10 [38]. For this, linear 
sweep voltammograms (LSVs) using a rotating disk electrode set at a 
rotating rate of 1600 rpm at a scan rate of 1 mV s− 1 were recorded. The 
obtained LSV curves and overpotentials (η10) error bars are depicted in 
Fig. 5a and b, respectively. The much lower η10 values of CF0.39 (387 
mV) and CF0.56 (398 mV) compared to unsupported Co (432 mV) 
indicate the increased electrocatalytic activity of the composite 
materials. 

No such improvement was observed with the physically mixed 
composites, both showing higher overpotentials than the pure Co ma
terial. Normalizing the current by the geometric area can provide an 
inaccurate representation of the electrocatalytic activity, as not all of the 
electrode’s geometric area is necessarily involved in the electrochemical 
reactions, i.e., parts of the electrode surface might be covered by insu
lating layers or not covered at all, thus not contributing to the catalytic 
reaction. Therefore, normalizing by the electrochemical surface area 
(ECSA) addresses this limitation by considering only the active surface 
area where the electrochemical reactions take place. ECSA was calcu
lated by dividing the double layer capacitance of the catalyst layer Cdl, 
which was determined as described in the experimental section, by the 
material’s specific capacitance CF which for transition metals in 1 M 

Fig. 2. X-ray Photoelectron spectra of pure Co and chemically functionalized 
(CF) and physically mixed (PM) composite materials. a) Co2p, b) Ti2p, and c) 
C1s core levels. 

Fig. 3. X-ray diffractograms of a) Ti3C2Tx, b) pure Co, c) CF0.39 and CF0.56, d) PM0.39 and PM0.56. The JCPDS files no. 30–0443 and 53–0916 correspond to Co 
(OH)2and hydrotalcite (Zincowoodwardite), respectively. 

Fig. 4. Cyclic voltammograms of Ti3C2Tx, pure Co and physically mixed and 
chemically functionalized Co /Ti3C2Tx composite materials. (first scans). 
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NaOH is 0.04 mF/cm2 [39]. To account for the much higher currents due 
to the ECSA typically being smaller than the geometric area, the current 
benchmark for the determination of the overpotential was set to 1 A. The 
LSV curves of the materials normalized by their ECSA and resulting 
overpotentials η1000 are depicted in Fig. 5c and d, which show the CF 
based materials are consistently better OER materials than the pure Co 
and PM materials. Interestingly, in Fig. 5c, at the higher range of the 
ECSA normalized current densities, the two CF materials and the 
PM0.56 all exhibit better OER performances than the pure Co and pure 
Ti3C2Tx. 

Faradaic efficiency (FE) is a key parameter used to assess the selec
tivity of an electrocatalyst. In the case of the OER it provides a measure 
of how efficiently the electrochemical reaction converts electrical en
ergy into oxygen gas while minimizing undesired side reactions. The 
rotating ring disk electrode (RRDE) coupled with a bi-potentiostat is a 
facile technique to determine FE [39]. In this method, oxygen gas that is 
produced at the disk is reduced at the ring which is held at a constant 
reducing potential. The resulting currents at both the disk and the ring 
are measured simultaneously and FE results from − 2iR /(N⋅iD), where 
the factor 2 accounts for the 4/2 ratio of electrons transferred in the OER 
at the disk electrode and in the ORR at the ring electrode, iR and iD are 
the ring and disk currents at a potential of 0.35 V vs. Hg/HgO respec
tively, and N is the collection efficiency of the ring electrode [2]. The 
curves resulting from the RRDE experiments are depicted in Fig. 5e. It is 
evident that the composite materials CF0.39 and CF0.56 exhibit much 
higher FE than the pure Co sample (0.78 ± 0.08 and 0.81 ± 0.09 vs. 0.48 

± 0.18, respectively). Normalizing the current obtained from the RDE 
experiments with MXene supported Co materials under consideration of 

their respective FEs results in a remarkable reduction of the over
potential at 10 mA cm-2 by over 95 mV as presented in Fig. 5f. The 
overall relatively low FE values can be explained by the fact that oxygen 
bubbles evolving at the disk can accumulate in the catalyst layer before 
escaping into the bulk electrolyte thus reducing the measured ring 
current [40]. 

The correlation between the applied potential and the current 
change was examined by analysing the Tafel slopes of the materials 
(Fig. 6a). The unsupported Co sample exhibits a Tafel slope of 113 mV 
dec− 1. On the other hand, the chemically functionalized and physical 
mixed all exhibit Tafel slopes in the region of 80 – 66 mV dec− 1which is a 
significant decrease in Tafel slope to the pure Co with the addition of the 
Ti3C2Tx. Such a shift within the Tafel slope can be indicative of a change 
of the rate-determining step and in our case points to a factor limiting 
the OER towards potentials above 1.57 V vs. RHE. Conversely, no shift 
was observed in the Tafel slopes of the composite materials resulting in 
much shallower slopes at potentials above 1.57 V vs. RHE compared to 
unsupported Co sample (66 mV dec− 1 and 77 mV dec− 1 vs. 113 mV 
dec‑1). This improvement of the current response could be ascribed to 
the better conductivity of the catalyst layer, which is a known limiting 
factor in pure LDH materials [9]. 

The turnover frequency (TOF) is a good descriptor of the intrinsic 
activity of an OER electrocatalyst as it provides a metric of its ability to 
produce oxygen per active site per unit of time and can be calculated by 
jE/(4Q) where jE is the current density measured at a potential associ
ated with OER, Q is the voltametric charge density derived from the Co 
oxide anodic peak, as described in the experimental section, and the 
factor 4 is accounting for the number of electrons transferred per 

Fig. 5. Electrochemical evaluation of Ti3C2Tx, unsupported Co and physically mixed and chemically functionalized Co/Ti3C2Tx composite materials, part 1. a) Linear 
sweep voltammograms (LSVs) (current normalized by the geometric area of the working electrode). b) Overpotential at 10 mA cm− 2 (current normalized by the 
geometric area of the working electrode). c) LSVs normalized by the electrochemical surface area (ECSA). d) Overpotential at 1000 mA cm− 2 (current normalized by 
ECSA). e) RRDE measurements for determining the Faradaic efficiency (FE). g) Overpotential at 10 mA cm− 2 (current normalized by the geometric area of the 
working electrode and by FE). 
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molecule of oxygen produced [41,42]. The TOFs of the pure Co sample 
and Ti3C2Tx materials are presented in Fig. 6b. The TOF of pure Co 
(0.011 s− 1) is within the range of reported values for Co oxide materials 
[42,43]. The chemical functionalization with Ti3C2Tx support causes a 
significant increase in TOF values compared to the unsupported Co, 
while the physically mixed composites show a slight decrease. Inter
estingly, CF0.56 exhibits the best TOF of all materials. This stands in 
contrast to the current benchmark comparison where CF0.39 showed 

slightly better OER performance, reinforcing the necessity to consider 
various metrics when evaluating the OER performance of materials. 

Electrochemical Impedance Spectroscopy (EIS) was performed to 
estimate the effect of the Ti3C2Tx on the charge transfer resistance (Rct) 
(Figure S2). For OER catalysed by transition metal oxides, the diameter 
of the semi-circle formed by the Nyquist plot directly correlates with the 
charge transfer resistance of the catalyst [2]. The CF Co/MXene com
posites exhibit lower charge transfer resistances than the pure Co 

Fig. 6. Electrochemical evaluation of Ti3C2Tx, unsupported Co and physically mixed and chemically functionalized Co/Ti3C2Tx composite materials, part 2. a) Tafel 
diagrams obtained from the LSV curves in Fig. 5a. b) Turnover frequencies (TOFs). c) Chronopotentiometry at 10 mA cm− 1 over 12 h. 

Fig. 7. X-ray Photoelectron spectra of pure Co and chemically functionalized (CF) composite materials before and after OER performance test. a) Co2p, b) Ti2p, and 
c) C1s core levels. 
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material during the OER which indicates a faster electron transfer during 
the OER when the Co and Ti3C2Tx is chemically functionalized. 
Conversely, mere physical mixing of Co and MXene increased the charge 
transfer resistance with increasing MXene ratio thus pointing towards an 
inhibiting effect of the oxidised MXene i.e. TiO2 (Ti(IV)) being formed as 
evident from the CV curves, Fig. 4. Finally, the stability of the composite 
and reference materials was probed by chronopotentiometry at a con
stant current density of 10 mA cm− 2 until the material was degraded, 
Fig. 6c. The MXene-supported Co demonstrated a better over time per
formance, as evidenced by the slower increase of the overpotential of the 
samples CF0.39 (7.75 mV h− 1) and CF0.56 (2.64 mV h− 1) compared to 
the pure Co sample (22.92 mV h-1). 

The XPS spectra of the materials after OER performance tests are 
shown in Fig. 7 and Figure S3. In the Co2p spectra of both the pure Co 
sample and the composite materials (Fig. 7a) the satellite peak at 
787–788 eV strongly decreases, which suggests a conversion of CoO or 
Co(OH)2 into higher Co oxidation states, such as Co3O4, during the OER 
[31]. This oxidation is also consistent with the CV curves in Fig. 4. The 
reduction of the Ti-C signal in the Ti2p Fig. 7b) and C1s spectra (Fig. 7c) 
of the PM composite materials suggests the oxidation of Ti3C2Tx under 
OER conditions. However, while the Ti-C signal is completely absent in 
the post OER spectra of the physically mixed samples it is still present in 
the chemically functionalized materials with reduced intensity. This 
shows that a noticeable degree of stabilization of the MXene was ach
ieved by chemical functionalization with cobalt oxide/hydroxide which 
results in increased OER activity over the PM and pure Co materials. 

4. Conclusion 

In this study we successfully demonstrated that a significant 
enhancement in the oxygen evolution reaction (OER) performance of a 
Co oxide electrocatalyst is possible by incorporating Ti3C2Tx MXene as a 
supporting material. 

The observed reduction in overpotential by 40 mV at 10 mA cm-2 is a 
significant improvement of the electrocatalytic efficiency of the com
posite material. By scrutinizing key electrocatalytic parameters such as 
turnover frequency, stability, faradaic efficiency, and electrochemical 
surface area, we have demonstrated the capability of Ti3C2Tx to improve 
the catalytic performance of Co oxide/hydroxide in metrics beyond the 
current benchmark. We experimentally determined Faradaic efficiencies 
of the materials and showed that factoring in the increased Faradaic 
efficiency, the MXene support led to a substantial reduction of the 
overpotential by 95 mV at 10 mA cm-2. Furthermore, we calculated the 
turnover frequencies and found a trend of increasing catalytic activity 
towards higher MXene loadings, showing that not only the overpotential 
should be considered for optimizing the formulation of these composite 
materials. These results contribute to the growing understanding of 
MXene-supported transition metal oxides and pave the way for the 
rational design and optimization of future electrocatalytic materials 
driving the evolution of sustainable energy conversion technologies. 
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