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Abstract

Alkaline fuel cells are promising technologies to decarbonise current energy systems. One of
the main advantages they present is that non-expensive metals can be used as catalysts,
reducing overall manufacturing costs. A promising family of electrocatalysts for the oxygen
reduction reaction, which is the most difficult reaction in most fuel cell systems, are Fe-N-C
catalysts, which have shown performance close to platinum-based catalysts. Coupling these
with MXenes is a promising alternative, as MXenes can act as supports that will
homogeneously disperse the metal species and catalyse the formation of carbon species
that increase performance for the ORR. In this paper, we intercalate Fe species and urea in
TisC2T, MXene and fully characterise the materials using a range of techniques, including
Md&ssbauer spectroscopy. The materials are then tested for the ORR in alkaline media, with
one sample (TisC2-U50-Fe-800) showing excellent performance and stability in 0.1 M KOH,
including an onset potential of 0.93 V vs RHE, an electron transfer number of 3.8 at 0.8 V vs
RHE, a Tafel slope of 66 mV/dec, and a small shift of 37 mV for the half-wave potential for
linear sweep voltammetry before and after 2,000 cycles. This performance is attributed to
the high nitrogen content that favourably forms pyridinic N species on this sample, and the
MXene support, which disperses the Fe species and catalyses the formation of favourable
carbon materials.

Introduction

Current energy systems are proven to be harmful to the planet, with the most visible impacts
being anthropogenic climate change and destruction of ecosystems [1]. This is due to our
reliance on fossil fuels, which as of 2023 are still 80% of worldwide primary energy demand
[2]. Fossil fuels are inherently limited on the Earth’s crust, and their extraction, production
and use emits a range of harmful chemicals to the environment. The current state of affairs
has prompted governments and organisations worldwide to commit to low-carbon and net-
zero technologies, with a view of mitigating many of the effects we are currently seeing from
our energy usage. It is in this context that hydrogen has gained momentum as a technology
that can help decarbonise sectors, given its many attributes. Hydrogen is the chemical fuel
with the highest energy density per unit mass, does not release any harmful chemicals when
combusted, and benefits from having several sustainable and clean pathways for production,
storage and use [3]. However, there are still many issues associated with hydrogen use,
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be deployed strategically in areas where it has the greatest potential for cost reduction and
sustainability, especially when compared to other low-carbon technologies [4]. Over the past
decade, there have been a great number of areas highlighted for hydrogen deployment.
Currently, hydrogen seems to have the upper hand over other low-carbon technologies in
decarbonising petrochemicals and fertilisers, steelmaking, heavy transport, and as a long-
duration energy storage method [4].

To be able to facilitate hydrogen deployment, cost reductions are essential, and there is
much research and development ongoing in all areas of hydrogen technologies. One area
that could greatly benefit from cost reductions are fuel cell technologies. Hydrogen is
typically coupled with fuel cells, as these can be two to three times more efficient than
internal combustion engines [5]. However, fuel cells are costly technologies, as some types
require expensive metals such as platinum, which can account for up to 40% of the total cost
of the fuel cell [5]. Alkaline fuel cells (also called anion exchange membrane fuel cells or
alkaline anion exchange membrane fuel cells) on the other hand can use non-precious
metals as catalysts, which can significantly lower their cost [5]. There are two half-reactions
taking place in a fuel cell, the hydrogen oxidation reaction (HOR) in the anode and the
oxygen reduction reaction (ORR) in the cathode. The ORR is the limiting reaction in
hydrogen fuel cells due to its sluggish kinetics, meaning that developing catalysts that have
good activity and stability for this reaction is of primary concern for reliable and affordable
fuel cell technologies [5]. The ORR in alkaline fuel cells benefits from the availability of a
wider range of catalyst materials than acidic media, meaning expensive catalysts such as
platinum group metals can be avoided. The ORR can proceed with a two electron or a four-
electron pathway, as described by the following reactions:

0, + H,0 +2e~SHO05 + OH™ (1)
HO3 + H,0 +2e~<30H™ (2)
0, +2H,0 + 4e~S40H~ (3)

In the equations above, the top two equations represent the 2e- pathway that involves the
formation of peroxide ions and a possible further reduction to OH-. The equation at the
bottom represents the 4e- pathway reduction to OH-. Many electrocatalysts have been
suggested for the ORR in alkaline media, with dispersed metals in N-doped carbons (M-N-C
catalysts) recently emerging as a promising solution. Some of these catalysts exhibited
performances that approached those of platinum group metals for the ORR. Among these,
Fe-based catalysts (Fe-N-C), which typically consist of a N-doped carbon support containing
Fe-Nx moieties, have been investigated and shown good selectivity for the 4e-pathway [5].

MXenes are a new class of two-dimensional materials discovered in 2011 [6]. They consist
of transition metal carbides, carbonitrides, or nitrides, and they have shown much promise in
a range of areas, including electrochemical and catalytic applications, electromagnetic
shielding, and electronic applications, among many others [7]. MXenes have been used as
electrocatalysts for the ORR, and they have shown to adsorb oxygen-containing species,
which is a positive factor that influences performance [8, 9]. There have been several studies
that assessed ORR activity in MXenes using both Pt and non-PGM metals [9]. M-N-C
structures (where M can be Fe or Co) supported on MXenes have also been tested, showing
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performance in the ORR close to that of Pt-based catalysts [10]. This is linked to the quaitity s >0/
of nitrogen atoms that form coordination bonds with the transition metal centre, with the M-
N4 arrangement looking like the most favourable [10]. This led to several studies attempting
to couple MXenes with M-N-C materials. Li et al. designed a catalyst with Fe-N4 moieties
and TisC2Tz (where T stands for surface terminations such as -F, -O and -OH) using iron
phtalocyanine and evaluated ORR activity [11]. The conclusion was that this combination
resulted in a reduction of the work function of Fe centres, leading to enhanced ORR activity.
Other studies such as the one by Wang et al. [12] looked at Co-CNT forming on MXene
structures and again showed good ORR activity. There are also other reports of non-
precious metal electrocatalysts deposited in MXenes in alkaline electrolytes, including Co
[13], Fe-N-C [14-16], Fe-Co [17], Co304/NCNTs [18], Mn304 [19], NiC0204 [20], MoS2 [21],
CoS2 [22], and g-C3N4[23].The fact that M-N-C catalysts supported on MXenes, especially
Fe species, can show performance for the ORR close to Pt-based catalysts, is a promising
sign for alkaline fuel cells that do not rely on expensive platinum group metals. Other recent
developments on MXenes for the ORR have focussed on doping and defect engineering to
enhance performance [24-26]. Several non-metallic dopants have been investigated,
including boron, oxygen, chlorine, bromine, iodine, sulfur and others [25]. Nitrogen doping
has also proven quite popular, and N-doped MXenes have been used as electrocatalysts for
hydrogen production, in both the hydrogen evolution and oxygen evolution reactions [26].

In this paper we develop a strategy that intercalates a Fe precursor and urea between the
MXene layers, and test the resulting materials for the ORR. The urea will actas a C and N
source, and the materials will subsequently be thermally annealed. The Fe precursor is
expected to form iron species such as Fe, FesC and/or Fe-Ny, all of which have shown good
ORR activity in alkaline media, and the expectation is that the layered nature of MXenes will
help disperse the Fe-species homogeneously on the material. In addition, there is the
possibility that Fe species catalyse the formation of carbon compounds from the
decomposition of urea on the surface of the MXenes, such as carbon nanofibres or
nanotubes, which are also promising materials to catalyse the ORR.

Experimental section
Synthesis of TisC.T:

The etching procedure for TisC2T is the LiF-HCI etching method, which is adapted from
Ghidiu et al. [27] and has been reported before [28-30]. Recently, a procedure based on this
method was used for semi-continuous synthesis of TisC2[31] TisAlIC2 MAX phase (>85%
purity) was bought from Carbon-Ukraine Ltd. (Kyiv, Ukraine) and was ground and sieved
through a -400 mesh sieve. The etching procedure was then done but adding 3 g of LiF
(99%, Alfa Aesar) to 30 mL of 6 M HCI (37.5% wt., Sigma Aldrich) in a HF-resistant beaker.
Once the salt was dissolved, 3 g of ground and sieved TizAlC, were slowly added to the
solution to avoid overheating. The beaker was closed with a lid that had a small hole to allow
venting of the Hz that forms during the reaction. The mixture was left to stir at 40 °C for 48 h.
After this, the sample is removed from the beaker and rinsed several times with DI water,
using a centrifugation step between rinses of 2,000 rpm for 5 min at room temperature. This
rinsing procedure was repeated until the pH of the supernatant was above 6. The sample
was then left to dry overnight at around 70 °C in a drying oven.

Synthesis of Ti;C2-U-Fe-800 and C-U50-Fe-800
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DI water at different weight ratios (1:10 and 1:50). FeClz.6H20 (>99%, Sigma Aldrich) was
added to the solution at a 1:1 weight ratio to MXene. The solution is then stirred at 55 °C for
15 h and dried afterwards. The mixture was then ground and transferred to an alumina
crucible and thermally treated using a two-step treatment. This treatment was done to
degrade urea (550 °C is the reported temperature for urea decomposition) so that it can
react with the MXenes and change their surface chemistry. This could also potentially enable
urea decomposition products to act as pillars between the MXene layers. Samples were
heated in a tube furnace under argon to 550 °C at 5 °C/min and then left at that temperature
for 3 h. After the 3 h, the samples were further heated to 800 °C at 5 °C/min. Once 800 °C
were reached, the temperature was kept for 1 h and then left to cool down back to room
temperature. The crucible was covered with an alumina cover to reduce material losses
during decomposition of urea. For the synthesis of C-U50-Fe-800, the same approach as
described above was followed, but the MXene was replaced by carbon black (XC72R,
Cabot). To benchmark the electrochemical performance, a sample of commercial Pt on
carbon was used (20% Pt on carbon, Johnson Matthey HiISPEC).

Physicochemical characterisation

Powder X-ray diffraction (PXRD) measurements were done on a Rigaku Smartlab
diffractometer (Rigaku, Japan) that used Cu Ka as the radiation source (A = 1.54 A). The
diffractometer was operated on reflection mode using a Bragg-Brentano geometry using a
scan rate of 3° min-' between 4° and 50°. 5’Fe M&ssbauer spectroscopy was performed with
a %’Co in Rh source in motion at constant acceleration, at 293 K over a velocity range of + 12
mm.s-" using a See Co W304 and W202 drive unit and a 1024 channel spectrometer.
Samples were loaded into a Perspex sample holder which is gamma-ray transparent and
natural alpha-Fe was used to calibrate the velocity scale. Scanning electron microscopy
(SEM) was done using a JEOL JSM-7800F (JEOL, Japan) with an acceleration voltage of 5
or 10 kV and a working distance of 10 mm. Energy-dispersive X-ray spectroscopy (EDS)
was done using a X-Max50 (Oxford Instruments, Abingdon, UK) using an accelerated
voltage of 10 kV and a working distance of 10 mm. For both SEM and EDS, samples were
dry cast on a carbon tape support, which was placed on top of a copper stub. Gas sorption
measurements were done on a Micromeritics 3Flex (Micromeritics Instrument Corporation,
Georgia, USA) using high-purity nitrogen gas at 77 K. The specific surface areas were
calculated from the nitrogen adsorption isotherms using the BET method, over a relative
pressure P/Py window of 0.05 to 0.15. Pore size distributions were calculated using the
software on the instrument, which employed the NLDFT method (Non-Local Density
Functional Theory), a common method to determine pore size distributions, using a slit pore
model. X-ray Photoelectron Spectroscopy (XPS) was done using a Thermo Fisher Scientific
NEXSA spectrometer with a micro-focused monochromatic Al X-ray source (19.2 W) over an
area of approximately 100 ym. The data were recorded with pass energies of 150 eV in
survey scans and 40 eV for high-resolution scans using a step size of 1 and 0.1 eV,
respectively. Charge neutralisation was obtained using a combination of both low energy
electrons and argon ions, and cluster cleaning was performed with 2 keV energy at 0.5 x 0.5
mm area for 60 s to remove surface contamination. Details of the XPS peak fitting are in
Supporting Information.

Electrochemical characterisation
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Electrochemical characterisation of the samples was done at room temperature using a Bifj <5 207
Instruments (Pine Research Instrumentation, Durham, USA) Rotating Disk

Electrode/Rotating Ring Disk Electrode (RDE/RRDE) with a modulated speed rotator. A

glassy carbon (GCE) disk RRDE tip (disk diameter of 5.61 mm) and a platinum ring (ring

outer diameter of 7.92 mm) were used as the working electrode, a saturated calomel

electrode (SLS, Nottingham, UK) was used as a reference electrode and a coiled Pt wire

was used as the counter electrode.

The samples were prepared as follows: 5 mg of catalyst powder were added to 480 uL of
absolute ethanol and 20 pL of Nafion solution (5 wt.%), which was then ultrasonically
dispersed for 30 mins to form a homogeneous ink (ultrasonication was stopped to change
the water frequently so that the temperature did not rise above 35 °C). The working
electrode was polished with an alumina slurry (& of 0.3 ym) and was subsequently bath
sonicated for 5 mins, rinsed with DI water and left to dry. Then, 10 uL of the catalyst ink were
spincast on the GCE while rotating at 500 rpm to give an homogeneous coating on the
electrode, so that the desired mass loading of catalyst was obtained (~0.40 mg.cm=). The
electrode was then left to dry for 30 mins in air prior to running the electrochemical
experiment. Prior to any testing, cyclic voltammetry was performed on the samples at a scan
rate of 50 mV.s' in the 0.1 to 1 V vs RHE potential window under nitrogen flow to activate
the catalyst.

The RDE tests were performed using Linear Sweep Voltammetry (LSV) running an anodic
sweep between the 0.1 and 1.1 V vs RHE potential window, with electrode rotation speeds
ranging from 400 to 1,600 rpms at a scan rate of 5 mV.s! in nitrogen and air. The LSVs
have been iR and background corrected, the N2 component was subtracted and the current
has been normalized to the geometrical surface area of the working electrode (0.247 cm?).
The tests were done in a 0.1 M aerated KOH electrolyte. Using an oxygen-saturated
electrolyte would lead to better performance in all samples but we have opted to use air-
saturated electrolytes, as this would mirror performance in real-world applications more
closely, as air is more likely to be used than pure oxygen. To determine the iR correction,
electrochemical impedance spectroscopy was performed prior to the measurement (not
shown) and the value for the real part of the impedance at high frequency in the Nyquist plot
was used for the correction. To convert potential measured vs SCE (saturated calomel
electrode) against RHE, the following equation was used:

Erpe = Escg +0.059 X pH +0.2445  (4)

RRDE measurements were performed using LSV at an anodic sweep between a potential
window of 0.1 and 1.1 V vs RHE (disk) at 1,600 rpm at a scan rate of 5 mV.s™" while the ring
was held at a potential of 1.3 V vs RHE. The electron transfer number n and the H20- yield
can be determined from the disk and ring current measurements using the following
equations:
414N
= TN+I, (9)

21N
%H;0, = 100,555 (6)
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I+ is the ring current and %H, 0, is the hydrogen peroxide yield. The Levich equation is
routinely used to analyse electrochemical performance, and can be represented as:

jL=0201nF Cy Dy *v-1wt/2  (7)

where ji is the current density, n is the electron transfer number of the reaction, Fis
Faraday’s constant, C, is the concentration of oxygen in solution, D, is the diffusion
coefficient of oxygen in solution, v is the kinematic viscosity of the electrolyte and w is the
rotation speed of the electrode in rpm. The electron transfer number can be obtained from
the Koutecky-Levich equation, which relates the measured current j to the kinetic current ji
and the limiting current ji:

-=—+- (8)

] Jk T

If we introduce the Levich equation in the above, we get:

11,1172 9
j jk+BLw ©)

where the Levich equation becomes:

B, =0.201nF Co DZ3v-1/6 (10)

Where By is current density, n is the electron transfer number, F is Faraday’s constant, Co is
the concentration of oxygen in solution, Do is the diffusion coefficient of oxygen in solution, v
is the kinematic viscosity of the electrolyte and w is the rotation speed of the electrode in
rom. The Koutecky-Levich plot (KL) can be obtained by plotting j* vs w~1/2 and 1 /By can be
determined from the slope of the curve. Accelerated Durability Testing (ADT) was done by
cycling the samples on a potential window between 0.5 and 1 V vs RHE for 2,000 cycles,
sweeping at a 50 mV.s' rate in an electrolyte which is a 0.1 M aerated KOH solution.

Results and Discussion

As detailed in the introduction, the aim is to intercalate a Fe precursor and urea between the
MXene layers and anneal the material. The precursor FeCls is expected to form iron species
such as Fe, FesC and Fe-Ny, all of which have shown good ORR performance in alkaline
media. In addition to the catalytic activity for the ORR, the Fe will also act as a catalyst for
the formation of carbon species between the MXene layers, which result from urea
decomposition at high temperatures. Additionally, the layered nature of MXenes and their
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capacity to be intercalated by cations will allow for intercalation of Fe species from the , ;55055 2ore

precursor, and ideally result in a homogeneous distribution of Fe-species on the support.

The different samples were analysed with powder X-ray diffraction (PXRD) to study the
effect of the Fe precursor, and to evaluate the crystalline phases that are present in the
materials. The PXRD pattern for the precursor MAX phase and synthesised MXene are in
Supporting Information, Figure S1. The MXene:urea ratios were 1:10 and 1:50, as these
were considered optimal [32]. To benchmark the results, a sample that uses carbon black
(XC72R) was also used as support and applied the same treatment (sample C-U50-Fe-800).
Figure 1 shows the powder X-ray diffraction patterns of the samples.

A) T B)
—— C-U50-Fe-800
. —— TiyC,-U10-Fe-800 _ = C-US50-Fe-800
Ti,C,-U50.Fe-800 R ke
g J £ 5 | —TiCrUs0-Fe-800
E _ \J I!! ’ Ei: 1
\ L'
_.é‘ -JILL “‘_IL'JHJ\.Q _'>=-|
@ i PR i
2 | @
= . HW’NWJJM = MM
' A A
é i i e i
iy .’l'.'!H‘l”."".'i : x4 II I i1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 40 45 50
28/° 28/ °

Figure 1 Powder X-ray diffraction patterns for the Ti3C2-U10-Fe-800, Ti3C2-U50-Fe-800, and C-U50-Fe-800
samples. A) Diffractogram for Ti3C2-U10-Fe-800, Ti3C2-U50-Fe-800, and C-U50-Fe-800 samples. Lines on the x-
axis are the main peaks for TiC, Fe2C and a-Fe. B) Same pattern as A) between 39 and 50 °.

As seen in Figure 1, the sample C-U50-Fe-800 shows most of the distinct peaks that are
characteristic of the FesC phase [33]. However, there are extra peaks at 44.5°, 44.9°, and
65.0°. Both these peaks can be explained by the presence of a-Fe, as the (110) and (200)
planes of a-Fe have peaks at 44.5° and 65.0°. There is another broad peak visible at 25.0°,
which is characteristic of amorphous carbon present in XC72R carbon black.

For the MXene-supported samples, TisC2-U10-Fe-800 and TizC2-U50-Fe-800, both have the
same Fe3C and a-Fe peaks as the C-U50-Fe-800 sample. The intensity ratios of the peaks
at 44.5° and 44.9° differ between samples, as expected, since the composition of the Fe
phases will vary according to the different amounts of urea. A small peak at 25.0° is also
visible, indicating the presence of graphitic carbon in the sample. It should be noted that the
PXRD results do not show any peaks related to TiOz rutile or anatase [34], meaning that the
MXenes have not been oxidised into these species with the thermal treatment. Peaks are
also present at 35.9°, 41.7°, and 60.5°, most likely resulting from impurities in the starting
materials (TiC) and surface degradation, and at 36.6°, 42.9°, and 61.7°, which could be from
MXene layer rearrangement or from the titanium nitride that could be formed on the surface
during the thermal step. Finally, the characteristic (002) peak from MXenes does not seem to
be present, but it is unlikely that the MXene structure has completely degraded. The most
probable explanation for the absence of the peak is the formation of extra carbonaceous
species between the MXene layers, which have disordered the MXene structure along the
(002) direction. Figure 1B shows the XRD patterns between 39.0° and 50.0° to gain insight
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into the composition of Fe-species in the samples. The figure shows the difference i, 25 20eS e
intensity of the 44.5° and 44.9° peaks, indicating a distinct distribution of the Fe-species in

the samples, implying that it depends on both the amount of urea and the type of support

that is used. Rietveld analysis is done on the XRD patterns, and the FesC/a-Fe ratios are

determined and shown in Table 1.

Table 1 FesC/a-Fe ratios calculated from PXRD analysis of the [39°-50°] region.

Sample FesCla-Fe
Ti3C2-U10-Fe-800 5.4
TisC2-U50-Fe-800 34

C-U50-Fe-800 16.8

The highest proportion of FesC is obtained in the sample that contains XC72R, which can be
explained by the presence of more carbon available to react. It is known that MXenes easily
interact with cations, leading in many cases to spontaneous intercalation between the layers.
In this case, Fe could intercalate the MXene layers, and thus stopping it from reacting to
form FesC, explaining the lower FesC content relative to Fe. More characterisation of the
samples, including elemental analysis, is included in Supporting Information, in Figure S2,
and Table S1.

It is important to determine the Fe content, and powder XRD is a technique that is
inadequate for this purpose, so a more suitable analytical technique is required. ’Fe
Mdssbauer spectroscopy has the advantage of being able to detect all the Fe in a sample,
regardless of its physical state, and the signal is directly proportional to the amount of Fe-
species the sample contains. The fitted experimental ’Fe Mdssbauer transmission spectra
are shown in Figure 2, with fitting parameters included in Supporting Information (Tables S2,
S3 and S4).
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Figure 2 Fitted experimental 5’Fe Mossbauer transmission spectra at 293 K and their respective fittings. A)
TizC2-U10-Fe-800, B) TisC2-U50-Fe-800 and C) C-U50-Fe-800. D) Example schematic of Fe-N4 moiety in carbon
materials.

Figure 2 shows the fitted Mdssbauer spectra, with the spectra of all three samples
satisfactorily deconvoluted into one doublet and two sextets. Details of this deconvolution
can be found in Supporting Information. Based on literature [35-37], the doublet has been
attributed to Fe-Nyx species usually observed in N-doped carbon materials that contain Fe,
and where Fe forms Fe-Nyx moieties with four pyridine-like nitrogen on the carbon layer, as
shown in Figure 2D. Fe-Nx species cannot be identified by XRD, as they are non-crystalline.
Sextets 1 and 2 are attributed to a-Fe and FesC, respectively, in agreement with the XRD
results discussed earlier. The Fe-species compositions are given in Table 2 and are broadly
consistent with the XRD results. In fact, the FesC/a-Fe ratios are similar to those calculated
by Rietveld analysis and broadly follow the same trend. In addition to the FesC and a-Fe
increases discussed before, the content of Fe-N4 in the sample also increases with the
amount of urea, which can be explained by the greater availability of nitrogen to form these
moieties. On the other hand, the Fe-Nx content for the XC72R sample decreases
considerably and amounts to only 7% of the Fe-species. This can be explained by the spatial
confinement that MXene layers bring to Fe ions and urea, inhibiting the agglomeration of Fe
into bigger particles during thermal treatment, which allows for more Fe to react and form
Fe-Nx moieties.
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Table 2 Fe-species composition taken from experimental 5’Fe M&ssbauer analysis of TizC2-U10-Fe-800, Tiz@x Article Online

U50-Fe-800 and C-U50-Fe-800. DOI: 10.10397/D5YA00371G
(at. %) Doublet 1 Sextet 1 (a-Fe) Sextet 2 FesC/ a-Fe
(Fe-Nx) (FesC)
TizC2-U10-Fe-800 15.8 15.8 68.3 4.3
TizC2-U50-Fe-800 18.3 23.8 57.9 24
C-U50-Fe-800 7.0 6.0 87.0 14.5

To further characterise the morphology of the samples and their porosity, SEM and nitrogen
adsorption were used. The results and analysis are in Supporting Information in Figures S3
and S4, showing that carbon nanotubes and carbon nanofibres are formed on the materials,
and that the materials have BET surface areas of 124.1 m? g' and 178.5 m? g, for the
TizC2-U50-Fe-800 and Ti3C2-U10-Fe-800 respectively. Sample C-U50-Fe-800 has a BET
surface area of 204.6 m? g-'. This is shown in Supporting Information, in Figure S5.

Surface chemistry of the samples is of paramount importance, as the surface/electrolyte
interface is where electrochemical reactions occur. For our case, it is especially relevant to
see the effect of introducing FeClz on the surface chemistry of the different samples. To
study the surface chemistry and to better understand the chemical environment at the
materials’ surface, X-ray photoelectron spectroscopy (XPS) was performed on the samples
to study the states of Ti, C, N and Fe. The full XPS spectra is included in Supporting
Information in Figure S6, along with the details for the deconvolution of the spectra. Fitting
parameters are in Supporting Information, in Tables S6 to S9. Surface composition
determined from the XPS analysis is presented in Table 3. It can be seen in Table 3 that
most of the surface composition in all three samples is made up of carbon (>80 at. %). There
are also significant amounts of oxygen (7 — 8 at. %) and nitrogen (~4 — 8 at. %) in the Fe-
treated samples. There are also residual amounts of iron, fluorine and chlorine, the latter
likely being surface functional groups on the MXenes resulting from the etching. MXenes’
stability is highly influenced by the surface group terminations, with -Cl functional groups
showing more stability than -F or =O groups. Acidic environments can accelerate oxidation
while alkaline environments can slow it down but, as noted, this is highly dependent on the
functional groups present [38-40]. The XC72R carbon black sample (C-U50-Fe-800) has
most of the surface covered in carbon (>97 at. %), some oxygen (1.50 at. %), nitrogen (0.81
at. %) and a residual amount of iron (0.06 at. %).

Table 3 Surface elemental composition of TizC2-Ux-Fe-800 and C-U50-Fe-800 samples from XPS analysis.

(at. %) Ti 2p Cis O1s N 1s Fe 2p F1s Cl1s
(CITi) (N/Ti)
TizC2-U10-Fe-800 1.63 85.31 7.51 3.96 0.62 0.24 0.73
(52.34) (2.4)
TizC2-U50-Fe-800 2.25 80.09 8.25 7.73 0.57 0.63 0.49
(35.60) (3.4)
C-U50-Fe-800 - 97.63 1.50 0.81 0.06 - -

Figure 3 shows the high-resolution XPS spectra for Ti 2p, C 1s, N 1s, and Fe 2p, along with
the corresponding fittings, for samples TisC2-U10-Fe-800, TizC2.-U50-Fe-800, and C-U50-Fe-
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800. The Ti 2p peak-fitted spectra of TizC2-U10-Fe-800 and TisC2-U50-Fe-800, shown in. s be) s
Figure 3A, displays the typical 2p spin-orbit splitting of titanium. The spectra could be both
deconvoluted into 4 components at (455.3 eV / 460.4 eV), (456.3 / 461.2) eV, (457.7 / 462.8)

eV and (458.7 / 464.4) eV, corresponding respectively to Ti-C, Ti?*, Ti**, and Ti**. The

variation of the oxidation state of surface Ti shows that there has been a change in the

chemical environment at the surface of the MXenes, showing electronic interaction between

the MXene support and the Fe-containing carbon structure, which was formed on top of it

during the synthesis. The Ti 2p XPS peak fitting distribution parameters for the Fe samples

are included in Supporting Information in Table S7.
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Figure 3 XPS high-resolution spectra of samples TizC2-U10-Fe-800, TizC2-U50-Fe-800, and C-U50-Fe-800. A) Ti
2p XPS spectra of TizC2-U10-Fe-800 (top) and TizC2-U50-Fe-800 (bottom). B) C 1s XPS spectra of TisC2-U10-
Fe-800 (top), TizC2-U50-Fe-800 (middle) and C-U50-Fe-800 (bottom). C) N 1s XPS spectra of TizC2-U10-Fe-800
(top), TizC2-U50-Fe-800 (middle) and C-U50-Fe-800 (bottom). D) Fe 2p XPS spectra of TizC2-U10-Fe-800 (top),
TisC2-U50-Fe-800 (middle) and C-U50-Fe-800 (bottom).

The C1s spectra of TisC2-U10-Fe-800, TizC2-U50-Fe-800, and C-U50-Fe-800 are shown in
Figure 3B, with the spectra deconvoluted into five peaks. The main peak centred at 284.8 eV
corresponds to C-C bonds and was attributed to the carbon structures formed on top of the
materials. Moreover, there is no obvious C-Ti peak at around 282 eV, which is a peak
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A very small shoulder at 283.9 eV is present and is believed to correspond to the C-Fe bond
from FesC [36, 41]. Based on these results and the elemental composition determined from
XPS and shown in Table 3, it can be concluded that apart from small amounts of TizC> and
Fe species which are still detected as surface species, most of the MXene and Fe species
are covered and/or encapsulated in carbon compounds.

The chemical state of nitrogen and Fe-species, as well as their local environment on the
surface of the materials, are key for catalytic performance towards the ORR. Therefore, both
were analysed and deconvoluted. As shown in Figure 3C, the N 1s spectra of the Fe
samples can be deconvoluted into four peaks, with binding energies around 396.4, 398.7,
400.2 and 401.4 eV, which can be assigned to N-Ti bonds, pyridinic N (N1), pyrrolic N (N2)
and graphitic N (N3), respectively [42]. The N 1s XPS peak fitting distribution parameters are
given in Supporting Information in Table S6, where the atomic concentrations of the different
N species are presented. The proportion of different N species on the surface of both MXene
samples is very similar, even with a urea content that is five times higher. It is also
noticeable that the TizC2-U50-Fe-800 sample contains a bit more pyridinic N and a bit less
graphitic N. Based on previous studies, Fe-Nx species usually forms at pyridinic N, where Fe
atoms coordinate with pyridinic N [43, 44], meaning that a proportion of the pyridinic N (N1)
peak can be attributed to Fe-Nx moieties. Presence of pyridinic N not coordinated to Fe
might also exist but the difficulty in deconvoluting the Fe spectra mean quantifying Fe-
coordinated and non-coordinated pyridinic N is not possible. The Fe 2p spectra for TizC2-
U10-Fe-800, TizC2-U50-Fe-800, and C-U50-Fe-800 are presented in Figure 3D. As the
overall XPS signal for Fe is small, there is some noise on the spectra, which made
deconvolution difficult. However, peaks are still visible in the spectra of TizC2-U10-Fe-800
and TizC»-U50-Fe-800, which are at 711.5 eV and 724.9 eV. The Fe 2p peak at 711.5 eV
probably corresponds to Fe?*, which is inherent to Fe-Nx species as noted in the literature
[45, 46].

The two main objectives of introducing FeCls during the synthesis were to increase the
overall surface area of our materials and to introduce species which could improve activity of
the materials towards ORR. The synthesized materials show increases in surface area and a
greater carbon and nitrogen content, in addition to formation of Fe-species such as FesC, a-
Fe and Fe-Njs, all of which have shown interesting ORR properties in alkaline media [47].
Also, based on the XRD, 5"Fe Mdssbauer spectroscopy, and SEM results, the choice of
support plays a role in the morphology of the materials and on the chemistry of the Fe-
species that are synthesised. The influence of the different parameters, such as the
introduction of FeCls, the use of TisC2 and XC72R as different supports, and the amount of
urea in the MXene samples, needs to be related to the electrochemical performance of the
synthesised materials. As such, electrochemical characterisation was done on the samples
to determine the electrochemical activity and to relate it with the different physico-chemical
properties. Linear sweep voltammetry (LSV) and Rotating Ring Disk Electrode (RRDE)
measurements were performed on the samples and are presented in Figure 4.

In the figure, electrochemical characterisation was done using linear sweep voltammetry
(LSV) in a rotating disk electrode (RDE) at 1,600 rpm. The LSV curves were measured in the
0.1 to 1.1 V (vs RHE) potential range using a 0.1 M aerated KOH electrolyte. Results are
shown in Figure 4A for TizC2-U10-Fe-800, TisC2-U50-Fe-800, and C-U50-Fe-800. A well-
known benchmark catalyst for ORR activity was also tested and compared (20% Pt/C). It
should be noted that standard calomel electrodes, the reference electrode used for these
tests, have been shown to leak CI- ions into solution, which could affect performance of Pt
electrodes. MXene samples would be less likely to suffer from drawbacks in performance
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from CI- ions, since they are synthesised using HCI and, as shown in the elemental analysis; s 2o
Cl is already present in the samples.

A) B) &
0 E
—— Ti,C,-U10-Fe-800 @
Ti,C,-U50-Fe-800 €
—— C-U50-Fe-800 %
——PtC S
<
T E
E 0.5 %
&é =3
= C)
€ 369 e e — pYC
1 sl . ‘ , _ —— Ti,C,-U10-Fe-800
1 = 3
2 s —— Ti,C,-U50-Fe-800
3 8] —— C-U50-Fe-800
T T T T T T T T T > - e —————
01 02 03 04 05 08 07 08 0% 1 o fg oo il il
E (V vs RHE) 2 1o T T T 1
o 0.2 0.4 0.6 08
E (V vs RHE)

Figure 4 A) Linear sweep voltammogram at 5 mV.s™' of the different samples in 0.1 M aerated KOH electrolyte
(corrected) at 1600 rpm. B) Rotating Ring Disk Electrode measurements of the different TizC2-Ux-Fe-800
samples, C-U50-Fe-800, and Pt/C in 0.1M aerated KOH electrolyte (corrected) at 1,600 rpm and scan rate of 5
mV.s™: jaisk (bottom) and jiing (top) , C) calculated H20:2 yield (bottom) and electron-transfer number n (top) for
TizC2-Ux-Fe-800 samples, C-U50-Fe-800, and Pt/C.

From the LSV curves performed at 1,600 rpm presented in Figure 4A, it can be seen that for
samples TizC2-U50-Fe-800 and C-U50-Fe-800, the ORR has reached mass transport
limitation at potentials below 0.6 V vs RHE, while at potentials higher than 0.6 V vs RHE, the
curve is dictated by a mixed region, where both kinetics and diffusion play a role. In the case
of Pt/C, the potential at which the mass-transport region is attained is 0.7 V vs RHE, owing
to better ORR performance. On the other hand, the LSV for TizC2-U10-Fe-800, although
getting close to theoretical limiting current values, does not reach a plateau at any potential.

The main parameters that can be determined from LSV include onset potential (Eonset), half-
wave potential (E12), and the diffusion-limiting current density (j.). The onset potential is a
parameter which can give a first idea of how active a catalyst is towards ORR, as it is the specific
electrode potential at which the oxygen reduction begins to occur, which is marked by a rapid increase
in current. Indeed, a greater onset potential means that a smaller overpotential is required to
overcome the energy needed to start the ORR. With respect to onset potential (Eonset), Pt/C
shows the highest value at 0.96 V vs RHE, owing to its excellent activity towards the ORR.
The onset potential for all three synthesized samples (TisC2-U10-Fe-800, TisC2- U50-Fe-800
and C-U50-Fe-800) are lower than Pt/C, at potential values of 0.86, 0.93 and 0.91 V vs RHE,
respectively. It can also be seen that using TisCz as a support has helped improve the onset
potential compared to the sample using XC72-R. This could be explained by the fact that using
TisC2 as support promoted the formation of Fe-Nx moieties, which have shown to have
outstanding electrochemical activity towards ORR, especially when coupled with FesC and a-
Fe [33, 47-50]. On the other hand, TisC2-U10-Fe-800 also displays a higher content of Fe-Nx
compared to C-U50-Fe-800, but out of all three samples synthesized, TizC>-U10-Fe-800 is the
one with the poorer onset potential. One possible explanation could be the difference in
morphology of TizC2-U10-Fe-800, which was the only sample that did not grow CNT/CNF-like
carbon structures.

Some variation in limiting current density is observable between Ti3C2-U50-Fe-800, C-U50-
Fe-800 and Pt/C. As noted before, in the Levich equation the limiting current density does
not depend on the intrinsic properties of the catalyst, except for n, which is the number of
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electrons exchanged during the reaction. Looking at the figure, it seems that the TjsCa-IJA052055 Pore
Fe-800 could have some mixed ORR processes happening during the electrochemical

testing, as the LSV displays two reduction waves, denoted by the shoulder on the LSV at

potential 0.6 V vs RHE. This could be indicative of two different active sites which would

participate towards ORR at different potentials. The higher limiting current density on the C-
U50-Fe-800 compared to the Pt/C sample might be due to small defects on the surface of

the electrode and/or the non-uniform coating of catalyst on the working electrode surface.

We also note that the limiting current density for Pt/C at 1600 is below typical values of 5~6

mA cm2, which is due to the use of aerated electrolytes rather than commonly used oxygen-
saturated ones.

RRDE measurements, as well as the calculated peroxide yield and electron transfer number,
were also done on all samples and are presented in Figure 4B and 4C. The RRDE of Pt/C is
characteristic, with a slight increase of jiing at lower potential. The peroxide formation is below
10% throughout the potential window and the calculated transfer number ranges between
3.8 and 3.9. Thus, it is clear that Pt/C catalyses the ORR mostly through a 4-electron
process. In the case of C-U50-Fe-800, the evolution of jing is very similar to Pt/C, as the ring
current density barely increases at lower potentials, which yields a small amount of peroxide
during the testing. The electron transfer number also ranges around 3.8 and 3.9 for this
sample. TizC2-U50-Fe-800 displays a ring current density which increases slightly more than
the two previous samples around 0.4 VV vs RHE. The electron transfer number is evaluated
at around 3.8 using RRDE for TizC2-U50-Fe-800, which is higher than the value of 3.66, but
is still reasonably within error. Out of all the samples, only TizC>-U10-Fe-800 shows a
noticeable increase in jiing during the first reduction wave, owing to peroxide formation. The
ring current density then decreases during the second reduction wave of the LSV. This
shows that the ORR reaction on the surface of Ti3C2-U10-Fe-800 partially happens through
a 2-electron pathway, forming peroxide that could be detected on the ring but would be
further reduced to OH- at a lower potential. The samples were further characterised using
the same sweep rate (5 mV.s*') and conditions [0.1 M aerated KOH electrolyte (corrected)]
but at different rotation speeds, ranging from 400 to 1,600 rpm. The results and
corresponding Koutecky-Levich (KL) plots are presented in Figure 5.
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Figure 5 Linear sweep voltammograms (LSV) at 5 mV.s™" at different rotation speeds in 0.1 M aerated KOH
electrolyte, and Koutecky-Levich (KL) plots at potentials between 0.4 and 0.8 V vs RHE (calculated n in the
insets). A) LSV of TisC2-U10-Fe-800. B) KL plot of TisC2-U10-Fe-800. C) LSV of TizC2-U50-Fe-800. D) KL plot of
TisC2-U50-Fe-800. E) LSV of C-U50-Fe-800. F) KL plot of C-U50-Fe-800. G) LSV of Pt/XC72R (20%wt). H) KL
plot of P/YXC72R (20%wt).
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The K-L plots show good parallelism and linearity, indicating first-order reaction kinetjcs, The 5 e
calculated electron transfer number for all the samples at potentials 0.4, 0.5, 0.6, 0.7 and 0.8
is given in the legends of the K-L plots. As expected, the sample with the highest electron
transfer number is Pt/C (Fig 5G and 5H), with an average value of 3.91 over the potential
used to plot the K-L curves. Samples TizC2-U50-Fe-800 (Fig 5E and 5F) and C-U50-Fe-800
(Fig 5C and 5D) have an average similar electron transfer number of 3.66 and 3.69,
respectively. But the evolution of n differs for the two samples, as both show a stable value
of n between the potentials 0.4 and 0.7 V vs RHE, but the value of the electron transfer
number increases at 0.8 V vs RHE for TizC2-U50-Fe-800, while it decreased for C-U50-Fe-
800. Lastly, TisC2-U10-Fe-800 (Fig 5A and 5B) displays the lower n value with an average of
2.96, starting at 2.83 at 0.8 V vs RHE and up to 3.33 at 0.4 V vs RHE, which supports the
fact that two processes may be at play for the ORR. Therefore, from the K-L plot and the
RRDE experiments presented in Figure 4, it can be concluded that samples TizC2-U50-Fe-
800 and C-U50-Fe-800 can catalyse the ORR through an apparent ~4-electron pathway,
while ORR on Ti3C2-U10-Fe-800 seems to occur with mixed processes. It should also be
note that the calculated electron transfer number from the RRDE experiments in Figure 4 is
higher than the one deduced from K-L curves in Figure 5, going from 3.4 at 0.8 V vs RHE to
3.9 at 0.1 V vs RHE. Some studies have shown that both K-L and RRDE methods have
limitations when it comes to the determination of the apparent electron transfer number [51].

To further study and understand the kinetics of the ORR in the different materials, Tafel plots
were plotted and are presented in Figure 6A. The Tafel curves of all catalysts show two
slopes, one in the higher potential (lower overpotential) region and another one in the lower
potential (higher overpotential) region. The region of interest, when looking at the kinetics of
reaction for a catalyst is the lower overpotential region, as a minor change in potential can
induce a drastic variation in current density. The slope of the Tafel plot is a great tool to
evaluate the ORR kinetics on a catalyst and helps with the comparison between different
materials. The calculated Tafel slopes are given in Table 2. The value for the Tafel slope
obtained for Pt/C is 61 mV/dec for the low jk region, which is characteristic of commercial
Pt/C catalysts [52]. The Tafel slopes of the other samples are as follows: 66, 73 and 89
mV/dec for TizC2-U50-Fe-800, C-U50-Fe-800 and TisC2-U10-Fe-800 respectively. These
results shows that the kinetics of ORR on TizC2-U50-Fe-800 are the best out of the materials
synthesized, while TisC2-U10-Fe-800 shows poorer kinetics. Tafel slopes are also important
to shed light on the reaction mechanisms that occur. Typically, values of around 60 mV/dec
are observed in Pt electrodes and metal oxides, which suggest a mechanism where the
second electron transfer is the rate determining step, after a fast first electron transfer,
whereas values closer to 120 mV/dec suggest a mechanism where the first electron transfer
to oxygen is the rate-determining step [53]. Our results show that Pt/C and Ti3C2-U50-Fe-
800 have values close to 60 mV/dec, suggesting that the second electron transfer is the rate
determining step. The other samples show higher slopes, of up to 89 mV/dec, suggesting
more complex multi-step mechanisms which can be influenced by surface coverage and
other factors [53].


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ya00371g

Open Access Article. Published on 23 March 2026. Downloaded on 3/23/2026 9:22:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

B 1 . (5 i _ﬂe_\{v Article Online
A e ' mr— i resmresso DO 10/039/DSYAQ0S7AG
‘C"-' J"‘/ 22 .
.-
-‘é 2 L %F =85 & AE, = 3
@ . o
= A / 8 i3
= L —— it e
2 0.8 \ | - - -2000 cyck ‘: 2000 cych
2 \ \ & o1 Dz 01 04 05 08 o7 o8 08 1 1 “:‘: 0z 01 04 05 08 07 o8 o8 1 11
= AN B o E) o =
N X 211 c-Us0-Fe-800 211 py e
Pt/C \ \ = e ’,ﬁ/ o1 puc J
- Ti,C,-U50-Fe-800 0] /] ! /]
\ ~ 1 ‘ i
—— Ti,C,-U10-Fe-800 \ £ / or]
—— C-U50-Fe-800 \ Eo ] sEipm a1y o) Yk, = 16mv
07 . . . — : ‘] oe] i
0,001 0,01 0,1 1 10 - g il /
ik (mA/em? il i S, o
I : J T s :‘ i ——— e PN

14
s pmra
| s mmsnnszzm it
01 02 03 04 05 05 07 0& 09 & 11 0t 02 03 04 05 06 07 08 03

€ (¥ vs RHE) E (V vs RHE)

Figure 6 A) Tafel plots of C-U50-Fe-800, TizC2-U10-Fe-800, TizC2-U50-Fe-800 and Pt/XC72R (20%wt). B-E)
Linear sweep voltammetry before and after cycling between 0.5 and 1.0 V vs RHE of the different support
materials: B) TizC2-U10-Fe-800, C) TisC2-U50-Fe-800, D) C-U50-Fe-800, E) Pt/C. The electrolyte is a 0.1 M
aerated KOH solution.

The kinetic current densities jk at 0.85 and 0.9 V vs RHE have been calculated and are given
in Table 2. It is clearly visible from the jk values of 3.02 and 0.61 mA.cm that Pt/C is the
most active material towards the ORR. By comparing TizC2-U50-Fe-800 and C-U50-Fe-800,
it can be seen that the presence of the MXene as a support has allowed for more than
double the values of jk at both 0.85 and 0.9 V vs RHE, showing that TizC2-U50-Fe-800 has a
better activity towards ORR than C-U50-Fe-800. Based on previous physico-chemical
characterisation, this improvement towards ORR is most likely owed to the presence of
MXene, which interacts with the different precursors and allows for the formation of a greater
number of Fe-Nx moieties on the TizC2-U50-800 compared to the C-U50-Fe-800. Moreover,
previous studies have showed that MXenes can also interact with the compounds in which it
has been deposited on, leading to greater ORR activity compared to the materials without
MXene support [11, 13, 23]. On the other hand, the MXene sample with less quantity of urea
is showing poor activity towards ORR, with jk values of 0.04 and 0.005 at 0.85 and 0.9 V vs
RHE respectively. Based on previous Méssbauer measurements, it can be seen that TisCo-
U10-Fe-800 has slightly lower amount of Fe-Nx compared to TisC2-U50-Fe-800, but still
higher than C-U50-Fe-800. Possible explanations for this difference in activity between the
MXene samples may be the overall higher nitrogen content of TisC2-U50-800 compared to
TisC2-U10-800 (see EDS and XPS nitrogen content measurements), providing more pyridinic
N active sites towards ORR [54]. Thus, it can be concluded that the presence of MXene as
support is not the only factor to consider when synthesizing the materials.

Stability of a catalyst is a very important parameter to test, as it will determine how quickly
the catalyst will degrade and therefore its lifetime. Stability and degradation studies are
usually done by comparing the catalyst performance before and after cycling, which is done
through an ADT (Accelerated Durability Test). These conditions were adapted from the
literature [55], with the number of cycles chosen as literature indicates most of the
degradation under these conditions would occur during the first 2,000 cycles.

In this work, ADT was performed by cycling the different samples between 0.5 and 1.0 V (vs
RHE) for 2,000 cycles, sweeping at 50 mV.s™' rate. LSV measurements were performed
post-cycling and compared to the pre-cycling LSVs, and these results for the different
samples are given in Figure 6. As expected, all post-cycling LSVs show similar onset
potential compared to the pre-cycling LSV, but cycling has shifted the kinetic region of the
curve toward lower potentials, which is a sign that degradation has happened in the catalyst
materials. A good way to evaluate the amount of degradation of a catalyst is to measure the
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shift of the half-wave potential (AE12) of the LSV curve after the ADT compared tg pre-, /552055 Pore
cycling sample. From the results, the sample with the less degradation overall is Pt/C, which
displays a AE12 of 16 mV. The half-wave potential shifts after ADT are more consequent for

the Fe-containing materials, with AE1» of 85, 37 and 47 mV for TizsC2-U10-Fe-800, TisCo-
U50-Fe-800 and C-U50-Fe-800 respectively. As in previous results, the TisC>-U50-Fe-800 is

the one with the least degradation out of the other three samples, and the TizC>-U10-Fe-800

is the one with the most. The slight decrease in performance in the Pt/C sample is not

usually observable under these conditions and could be due to small contamination of the

electrode surface by CI- ions leaking from the SCE.

All the electrochemical characteristics measured and discussed in this section are
summarized in Table 2.

Table 2 Summary of electrochemical properties of the samples in air saturated 0.1 M KOH electrolyte.

Eonset jk at 0.85 Ik at0.9 n Tafel AEi;
Sample (Vvs mA.cmaisk?2 mA.cmgisk® (average slope Half-wave potential
RHE) (mA.cm?) (mA.cm?) fromKL (mV/dec) shift after ADT
plots) (mV)
TisC2-U10-  0.86 0.04 0.005 2.96 89 85
Fe-800
TisC2-U50-  0.93 0.47 0.08 3.66 66 37
Fe-800
C-U50-Fe- 0.91 0.17 0.03 3.69 73 47
800
Pt/C 0.96 3.02 0.61 3.91 61 16

Overall, the ORR performance indicators for the different samples follow this trend: Pt/C >
Ti3C2-U50-Fe-800 > C-U50-Fe-800 > TisC2-U10-Fe-800. Based on the physico-chemical
characterisation of the materials, most of the improvement in ORR performance of TisCo-
U50-Fe-800 compared to the other two materials can be explained by:

¢ A higher nitrogen content, which favourably formed pyridinic N species (see
deconvolution of XPS N1s spectra). Pyridinic N is well known to improve ORR
activity compared to other carbonous N species.

e The choice of support material. Based on SEM and Mdssbauer results, MXenes
seem to have interacted with the Fe precursor and allowed some spatial confinement
during the synthesis, restricting the agglomeration of Fe particles during thermal
treatment and allowing for more Fe-Nx species to form.

Conclusions

The objective of this work was to show that the Fe precursor can catalyse and react with the
urea decomposition products to form additional carbon species on the MXenes, as well as
forming Fe and Fe-N-C species, which are known to have good ORR activities in alkaline
media. The introduction of FeCls along with urea and MXenes has proven to be effective in
improving several aspects of the materials. Both TisC2-U10-Fe-800 and TizC2-U50-Fe-800
have shown ORR activity, and several factors have been found to contribute to this based on
the physicochemical characterization of the samples.
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Ti3C2-U50-Fe-800 > C-U50-Fe-800 > TisC2-U10-Fe-800. Based on the physico-chemical
characterisation of the samples, several aspects have found to have an impact on this
increase in activity. First, there is an increase in surface area of both TizC>-U10-Fe-800 and
TizC2-U50-Fe-800 compared with the precursor MXene, as the precursor is essentially non-
porous and the BET surface areas of TizC2-U10-Fe-800 and Ti3C2-U50-Fe-800 are 178.5
and 124.1 m2.g" respectively. The increase can be explained by the presence of Fe species,
which allowed for more urea decomposition product to react and form carbonous species on
the surface of the MXenes, which increased the surface area. XRD measurements support
this, with the (002) graphitic carbon peak at 26° 26 becoming more prominent and XPS also
showing an increase in the content of C. Based on SEM, it seems that the quantity of urea
added during the synthesis has an influence on the morphology of the materials. Indeed, the
sample containing more urea has shown to have grown CNT/CNF structures on the surface
of the MXene flakes, while no CNT/CNF seems to have formed if the urea amount is too low.
Based on literature, CNT/CNF growth is most likely catalysed by the presence of Fe species
such as a-Fe and FesC [56].

The use of TisC: as a support has also shown to have a positive impact on the ORR activity
of the final material. This could be explained by the higher quantity of Fe-Nx formed during
the synthesis when TizC, was used as a support, while when the support was change to
XC72-R the Fe-Nx content dropped. Therefore, the MXene layers played a role during the
synthesis. The main hypothesis is that the MXene must have restricted the aggregation of
Fe into a-Fe and FesC during the thermal treatment, allowing the formation of the Fe-Nx
moieties, by either interacting with the FeCls precursor or by providing a steric restriction
once the ions have been intercalated. SEM pictures seem to support this, as qualitatively the
particles sizes of the Fe species visible seem to be smaller for TisC2-U50-Fe-800 compared
to C-U50-Fe-800.

In conclusion, we have shown how a porous stable MXene-based structure can be achieved
by intercalating Fe-containing precursors and urea within the layers, with subsequent
annealing. The obtained materials show good performance when used as catalysts for the
ORR in alkaline media, with sample TizC2-U50-Fe-800 showing the most promise, with an
onset potential of 0.93 V vs RHE, an average electron transfer number of 3.66 and a Tafel
slope value of 66 mV/dec.
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