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Deconvoluting kinetics and transport effects of ionic liquid
layers on FeN,-based oxygen reduction catalysts

This work analyses the effect of adding thin layers of ionic
liquids to FeN,-based oxygen reduction electrocatalysts.

It identifies alterations in ORR kinetics caused by the ionic
liguids and deconvolutes these effects from those resulting
from the transport of oxygen. This ultimately allows to
correlate the performance of the catalyst, to properties

of the ionic liquids and to predict how the activity can

be further boosted, /.e. by tuning the hydrophobicity,
maximizing the oxygen solubility and improving the
distribution of the ionic liquid.
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Broader context

Deconvoluting kinetics and transport effects of
ionic liquid layers on FeN4-based oxygen
reduction catalysts¥

Silvia Favero, (22 Ifan E. L. Stephens (2 ** and Maria-Magdalena Titirici {2 *°

The use of ionic liquid layers has been reported to improve both the activity and durability of several
oxygen reduction catalysts. However, the development of this technology has been hindered by the
lack of understanding of the mechanism behind this performance enhancement. In this work, we use a
library of ionic liquids to modify a model FeN4 catalyst (iron phthalocyanine), to decouple the effects of
ionic liquid layers on oxygen reduction kinetics and oxygen transport. Our results show that oxygen
reduction activity at low overpotentials it determined by the ionic liquids' influence on the *OH binding
energy on the active sites, while oxygen solubility and diffusivity controls transport at high
overpotentials. Finally, using nitrogen physisorption, we have demonstrated that the distribution of the

ionic liquids on the catalyst is inhomogeneous, and depends on the nature of the ionic liquid used.

Hydrogen fuel cells are emerging as an effective technology for the production of green electricity. However, their widespread commercialization is hindered by
the requirement of platinum to catalyse the sluggish oxygen reduction reaction, taking place at the cathode of fuel cells. Research has been therefore focusing
on developing cheaper and more sustainable alternative catalysts. Among such catalysts, those based on iron, an in particular on an FeN, active site, have

shown promising performance, but are still behind platinum in terms of both activity and durability. More recently, a technique as emerged to improve the

performance of oxygen reduction catalysts, based on the addition of a thin film of hydrophobic and oxygenophilic ionic liquids.

1. Introduction

To mitigate global warming, green H2 and its utilization in fuel
cells have been identified as key technologies. The biggest
drawback of low temperature hydrogen fuel cells is the high
content of platinum-group-metals (PGM), required to drive
the sluggish oxygen reduction reaction (ORR). Despite recent
efforts on decreasing platinum, at the present state 0.1 to
0.2 gpe kW™ are still required," accounting for 40-50% of the
overall cost of fuel cells for automotive applications.”

At the same time, PGM-free ORR catalysts have been devel-
oped, with impressive recent advances in both stability and
activity, with a particular attention to iron and nitrogen-doped
carbons (Fe-N-C).>* Nevertheless, their performance is still far
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from the activity and durability targets set by the US depart-
ment of energy and the European commission’s fuel cell and
hydrogen joint undertaking.>°

Amongst different approaches to improve the performance
of PGM-free oxygen reduction catalysts,”® implementing thin
films of oxygenophilic ionic liquids (IL) holds particular
924 This technique, which was first reported for
platinum-based catalysts,"* is also effective for some noble-
metal-free catalysts.">*"**?> As we highlighted in a recent
review, this technique holds a remarkable potential to improve
activity, durability and even selectivity of oxygen reduction
catalysts in a facile and inexpensive manner.>® However, pro-
gress in this direction is limited by the lack of understanding of

promise.

the mechanism behind performance enhancement in presence
of ionic liquid layers.

Most frequently, the high oxygen solubility in ionic liquids
has been used to explain the improved kinetics of oxygen
reduction.'®>'%2% However, this explanation alone fails to
rationalise all observed phenomena, in particular, the lack of a
linear dependence of ORR kinetics on oxygen concentration.'®
These complexities are compounded by the challenges in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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measuring O, transport in ionic liquids, as a result of the relatively
low solubility of oxygen, compared to more studied gases,
such as CO,.”” Oxygen solubility results reported in different
manuscripts®” >* display large variations, with a percentage error
of up to 60% (Fig. S6a, ESIt).>® Moreover, to the best of our
knowledge, results obtained with different experimental techni-
ques have never been compared in a single study.””*"**> Most
studies neglect the difference between O, concentration and
thermodynamic activity, which is inappropriate for oxygenophilic
ionic liquids. Since the field - thus far - has lacked a quantitative
parametrization of O, transport through ionic liquids, it has been
unable to deconvolute the effects of O, diffusivity and solubility
that leads to the maximum ORR activity as a function of thickness
of the ionic liquid layer.2%232%36:37

This has been explained by the combined effect of the high
oxygen solubility in ionic liquids, responsible for the initial
increase in activity, and the low oxygen diffusivity, which
introduces transport limitations in IL layers.

On top of transport-related phenomena, the ionic liquid can
also influence the kinetics of oxygen reduction, via modifica-
tion of the thermodynamics activity of oxygen, or of the
intrinsic activity of the catalyst, for example via electronic
effects on the active site or changes to the binding energy of
key intermediates. For example, the reduced water presence at
the interface could cause a dehydration and consequent desta-
bilization of the HO* intermediate, which should cause an
activity increase for those catalyst on the weak HO* binding
side of the Sabatier volcano.’®*? Hunag et al. showed that on Pt/
C, the peak commonly attributed to the adsorption of oxyge-
nated species moves to more positive potential in presence of
the ionic liquid MTBD BETI*” indicating a destabilization of the
HO* intermediate.*®>° However, there is no systematic study of
the effect of ionic liquids on the binding energy of oxygenated
intermediates and on the effect of this phenomenon on the
activity of the catalyst.

Finally, an aspect that has been largely overlooked is the
distribution of the ionic liquid on the catalyst support. The
attempts at quantitatively correlating ORR activity to the prop-
erties of ionic liquids so far reported generally simplify the
system, by assuming that ionic liquids form a thin homoge-
neous layer on the surface of the catalysts and that all the active
sites are in contact with the ionic liquid.

In this work, we deconvolute and quantify the above-
mentioned phenomena controlling O, reduction on non-
precious metal catalysts modified by ionic liquid thin films.
We report for the first time, an experimental method to
distinguish between the solubility and thermodynamics activity
of oxygen in ionic liquids. Additionally, we compare experi-
mental oxygen transport results obtained using different tech-
niques, obtaining a reliable estimate of oxygen transport
parameters in ionic liquids. By deriving equations from first
principles, we quantify the effect of oxygen solubility, diffusivity
and thickness of the ionic liquid layer on the overall rate of
reaction. Our analysis offers a facile and novel way to predict
the effect of ionic liquids on the oxygen transport and to
forecast the ideal properties of ionic liquid layers. To account

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for the role of kinetics, we use voltametric analysis to monitor
the effect of a library of ionic liquids on the *OH binding energy
of Fe(un) phthalocyanine (FePC). Finally, using thermal analysis
and nitrogen physisorption, we explore how the distribution of
the ionic liquids on the surface depends on the nature of the
ionic liquid itself.

2. Results and discussion

The effect of the ionic liquid layer on the kinetics of oxygen
reduction

Pyrolyzed FeN, catalysts are among the most active PGM-free
catalysts reported so far, but they suffer from the existence of a
wide variety of Fe species, and the difficulty of identifying and
characterizing the active sites.**** Therefore, in this manu-
script we decided to use iron(u) phthalocyanine (FePC) as a
model FeN, catalyst with well-defined active site. FePC was
deposited on conductive graphene and modified with the
addition of 5 selected ionic liquids (20 w%), shown in Fig. 1a
(characterization of the pristine catalyst can be found in the
ESLT Section S11). The effect of the ionic liquids on the overall
ORR performance of the catalyst was studied using a three-
electrode cell, with a rotating disc working electrode (RDE).
Linear sweep voltammograms were collected in oxygen satu-
rated 0.1 M KOH and are shown in Fig. 1b. Clearly, the addition
of the ionic liquid has a significant impact on both ORR
kinetics at low current densities and oxygen transport at high
current densities, effects that vary significantly with the
chemical structure of the ionic liquid itself.

First of all, we focused our study on the effect of the selected
ionic liquids in the kinetics region of the LSV. The mechanism
of oxygen reduction on iron-based catalysts is still debated,
even for the case of model molecules with defined structure,
like iron phthalocyanine. Nevertheless, it is still possible to
gain some insight by simply monitoring the position of the
cyclic voltammetry (CV) peaks. In fact, the high potential CV
peak of FePC is attributed to *OH desorption,””™” and its
position is therefore an experimental measurement of the
*OH binding energy on the catalyst site. The scaling relation-
ship existing between the binding energies of oxygenated
intermediates on active sites causes a well-known volcano-
type dependence of the ORR activity on the binding energy of
any intermediate. A similar volcano can therefore be obtained
relating the activity for oxygen reduction to the position of the
high potential CV peak.’® This phenomenon allowed us to
observe the effect of ionic liquid on the *OH binding energy
and the effect on ORR kinetics, by monitoring the position of
the high potential peak. Rather than cyclic voltammetry, we
used square-wave voltammetry (SWV) to obtain a more accurate
identification of the peak position, thanks to high rejection of
capacitative current and better sensitivity to faradaic processes
(as shown in Fig. Sib and c, ESIt).*® Fig. 1c shows the
background-subtracted SWV results (original data shown in
Fig. Sic, ESIT). The difference in height and shape of the peaks
can be attributed to a difference of distribution of the ionic

EES Catal, 2023,1, 742-754 | 743
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Fig. 1 (a) Structure and abbreviation of the ionic liquids used in this work. (B) Cathodic linear sweep voltammograms of the FePC/G catalyst, modified
with the addition of 20 w% ionic liquids. Data were collected in oxygen saturated 0.1 M KOH, with a scan rate of 10 mV s~* and rotational speed of
1200 rpm, at a temperature of 25 °C. The pristine catalyst loading was maintained constant at 0.14 mg cm™~2 with an addition of 20 w¥% ionic liquid. Before
recording the oxygen reduction activity, the catalyst was pre-conditioned with 5 cyclic voltammograms in nitrogen-saturated electrolyte, in a potential
range of 0.1V vs. RHE to 1.0 V vs. RHE. The ORR activity of the pristine catalyst is comparable to that reported in literature, as shown in Fig. Sle (ESIt).
(c) Background-subtracted square wave voltammogram of FePC/G modified by the addition of ionic liquids, zoom-in on the high potential peak.
Obtained in N,-saturated 0.1 M KOH, using a potential step of 4 mV, modulation amplitude of 20 mV and a frequency of 2 Hz, resulting in a scan-rate of
8 mV s, at a temperature of 25 °C. The pristine catalyst loading was maintained constant at 0.14 mg cm™~2 with an addition of 20 w% ionic liquid. Before
recording the square-wave voltammogram, the catalyst was pre-conditioned with 5 cyclic voltammograms in nitrogen-saturated electrolyte, in a
potential range of 0.1V vs. RHE to 1.0 V vs. RHE. After the CVs, SWV measurements were repeated 3 times in the same potential range and no change was
observed between the scans. The second scan is shown here. (d) Potential for 0.1 mA cm~2 (in O,-saturated 0.1 M KOH), as a function of the position of
the square-voltammetry peak in N, saturated 0.1 M KOH. Data presented are the average of three independent measurements and the error represents
the highest and lowest data measured. The position of the SWV peak was determined using a peak finding function on the original SWV data. For the
y-axis, the onset potential would be the best descriptor of ORR kinetics, as it does not include transport effects. Since the onset potential is somewhat
controversial to define, we present the potential at which we observe a current low enough to be deconvoluted from mass-transport effects, chosen as
0.1 mA cm™2. (e) Ex-situ XANES of FePC/G modified by the addition of 20 w% of the ionic liquids EIM NTF2 and BMIM PF6, at the Fe K edge.

liquids on the catalyst, causing a change in accessibility of the
active site and a broader range of *OH desorption potentials. As
it can be observed from Fig. 1c, the presence of ionic liquids
has a visible effect on the position of the high-potential peak,
suggesting an alteration of the *OH binding energy. In parti-
cular, all the ionic liquids except EIM NTF2 move the peak to
less positive potentials, suggesting a strengthening of the
*OH bond.

Fig. 1d shows ORR activity as a function of the position of
the SWV peak. There is a good correlation between the catalyst

744 | EES Catal, 2023,1, 742-754

performance and the peak position, suggesting that the effect
on *OH binding energy dominates the change in ORR kinetics
caused by the ionic liquids. In line with reports that the pristine
catalyst (FePC) should lie on the strong-binding side of the
Sabatier activity volcano,® the ionic liquids that strengthen the
*OH bond are found to decrease the ORR activity.*> This
appears in contrast to reports that the same ionic liquid layers
that are hereby detrimental for ORR kinetics, have a positive
impact on platinum-based catalysts."*?”*° This observation
shows how the effect of ionic liquids depends not only the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nature of the liquid itself, but also on that of the catalyst.
Therefore, it is clear that the effect of ionic liquids on different
active sites cannot be inferred from that of iron phthalocya-
nine. Nevertheless, we expect transition metal MN, catalysts,
which present a similar active site, to follow the trends
shown here.

A possible explanation of the effect of ionic liquids on the
*OH bond originates from their hydrophobic nature. The
decrease in water concentration around the active sites could
cause a dehydration of the *OH intermediate and its conse-
quent destabilization.’™* This could explain the weakening of
the *OH bond reported after the addition of ionic liquid on Pt/C
catalysts,"> but not strengthening observed on FePC. In this
case, the change in *OH binding energy could be attributed to
co-adsorption of the IL cation, similarly to what has been
previously reported for electrolyte alkali cations, which have
been shown to weaken *OH adsorption on platinum.>*”* In
this case, the effect of the ionic liquid should be primarily
controlled by the nature of the cation. However, the results
seem to suggest that both the anion and the cation contribute
to strengthening the *OH bond, with PF¢ anion and pyrrolidi-
nium cations offering the greatest effect. The experimental
characterization of the potential-dependent interaction of ionic
liquids with the active site and validation of their effects on key
intermediates is extremely challenging and various effects are
likely to contribute to the observed changes in kinetics.

Although we take the view that the effect on the *OH bond
has a strong influence on ORR kinetics, we cannot exclude the
possibility that other factors might play an important role. Even
in the absence of liquid water and potential control, ex situ
XANES data obtained at the Fe K-edge of FePC/G (Fig. 1e) show
that the ionic liquids influence the propensity of the Fe towards
oxidation, causing a slight shift in the whiteline and a mod-
ification of the pre-peak intensity. In particular, EIM NTF2
appears to decrease the oxidation state of Fe, while BMIM
PF6 has the opposite effect. This could cause a change in
affinity to *OH and *O and explain the observed weakening of
*OH bond for EIM NTF2 and strengthening for BMIM PF6.

Finally, it cannot be excluded that the ionic liquids might
block access to some active sites, thus decreasing catalyst
utilization. However, this phenomenon alone would not
explain the observed modification of the *OH bond.

Reliably determining oxygen transport data in ionic liquids

In the previous section we isolated the effect of ionic liquid
layers on the kinetic of oxygen reduction and identified a
descriptor (the *OH binding energy), to predict the effect of
ionic liquids on the ORR kinetics. Now, we will move on to
discuss the effect of ILs on oxygen transport, starting from the
reliable determination of oxygen solubility in ionic liquids.
Given the high variability in the oxygen transport data
reported in the literature and the unavoidable sources of error
associated with experimentally determining transport para-
meters, we decided to compare oxygen permeability results
obtained using three of the most common techniques: gravi-
metric, volumetric and electrochemical. The first two are based

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Solubility, (b) diffusion coefficient and (c) the product of the two,

of oxygen in the selected ionic liquids. In yellow are the results obtained
with electrochemical, in blue volumetric and in light blue gravimetric
techniques. In all the graphs, the value for 0.1 M KOH, the most common
electrolyte in alkaline conditions, is shown as a grey dashed line for
comparison.

on the incremental addition of oxygen, while monitoring the
weight or pressure, respectively, while the electrochemical
method relies on the 1-electron reaction of dissolved oxygen
on a microelectrode. Details of the experimental procedure
can be found in the method section, while an in-depth discus-
sion of the advantages, sources of error of each technique
and choice of fitting times can be found in the ESI¥
Section S2 and S3.

Fig. 2 shows the solubility (a), diffusivity (b) and permeabil-
ity (c) results obtained with the different techniques. Solubility
results obtained with all the methods show the same trend,
with the anion having the biggest influence on oxygen solubility
(with NTF2 > PF6). However, while the volumetric and gravi-
metric methods are in good agreement, the electrochemical
method appears to consistently predict lower values.

Despite all the possible sources of inaccuracy, the significant
difference observed between the electrochemical and other
methods cannot be solely attributed to experimental errors.
We instead propose that the electrochemical method calculates
the thermodynamics activity of oxygen (ao,), rather than its
solubility. Activity is a thermodynamics concept which repre-
sent the “effective concentration” of a species in a mixture and
is related to the concentration of the species via the activity
coefficient (y) as shown in eqn (1).

EES Catal.,, 2023,1, 742-754 | 745
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Fig. 3 (a) and (b) Schematic representation of the oxygen concentration profile (line in red) in a classic rotating disc electrode (a) before and (b) after the
addition of an ionic liquid layer. (c) and (d) Schematic representation of the ionic liquid thickness, estimated starting from the BET surface area for low IL
loadings (c) and from the geometric area for high loadings (d) and (e) diffusion-limited current density as a function of oxygen permeability in the ionic
liquid/agueous electrolyte. The red data point refer to the experimental results obtained at 1600 rpm, while the grey line is the result of the transport
model described above, with a 100 nm-thick ionic liquid layer. (f) Ratio between the diffusion-limited current density in presence and absence of the
ionic liquid, as a function of the rotational speed. The full line shows the theoretical data obtained with the equation described above and using the
solubility and diffusivity data obtained using the electrochemical method. The thickness of the ionic liquid layer was adjusted to fit the experimental data

(squared data points) and was found to be 100 nm.

Ao, = YCo, 1)

Rigorously, the rate of oxygen reduction is proportional to the
activity of oxygen in the electrolyte. However, this proportion-
ality is often approximated to the oxygen concentration since
the activity coefficient approaches unity as the concentration
tends to zero. This approximation is valid for aqueous electro-
lytes but might not be for ionic liquids, which due to their
oxygenophilic nature could act to stabilize oxygen and offer
activity coefficients lower than unity. Our experimental results
indicate that this is indeed the case and that the activity of
oxygen in ionic liquids is significantly lower than its
concentration.

Hereby we proposed a novel technique to experimentally
determine oxygen activity and solubility in ionic liquids. To the
best of our knowledge, this is the first time that the thermo-
dynamics activity of oxygen in ionic liquids has been experi-
mentally determined. It is also the first time that results
obtained with different techniques have been directly com-
pared and it provides an explanation for the wide variety or
reported data regarding oxygen solubility.

Regarding the diffusion coefficient (Fig. 2b), as expected the
electrochemical method appears in better agreement with the
other two.

Fig. 2c also shows a comparison between the permeability
values calculated with these methods. Permeability here is
defined as the product of oxygen solubility and diffusivity,
divided by the oxygen pressure, is reported in barrer, and is a

746 | EES Catal., 2023,1, 742-754

measure of the ability of the ionic liquid to transport oxygen.
According to the results obtained via the electrochemical
method, oxygen permeability in BMIm NTf2 and EIm NTf2 is
higher than in the electrolyte, indicating that oxygen transport
should be faster in these ionic liquids than in aqueous
electrolyte.

It should also be noticed that, for the nature of the measure-
ments, these could only be performed in degassed, water-free
ionic liquids, while under operating conditions the ionic liquid
would be saturated with water. While this is likely to affect both
solubility and diffusivity of oxygen, the change has been shown
to be below 10% for similarly hydrophobic ionic liquids and it
is reasonable to expect that the observed trends would hold in
presence of water.>>>¢

The effect of ionic liquid layers on oxygen transport

Once we obtained reliable experimental measurements for
oxygen solubility, thermodynamic activity and diffusivity in
ionic liquids, these results were used to predict the effect of
ionic liquid layers on the transport of oxygen to the surface of
the rotating-disk electrode.

In the RDE configuration and transport-limited conditions,
oxygen transport is controlled by diffusion through the so-
called diffusion layer, as shown by the oxygen concentration
profiles in Fig. 3a and b. In absence of the ionic liquid, oxygen
concentration is zero at the catalyst surface and equal to oxygen
solubility in the electrolyte at a distance equal to the diffusion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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thickness. When a thin film on ionic liquid is added on the
surface of the catalyst, discontinuity in oxygen concentration is
introduced at the ionic liquid/electrolyte interface. Assuming
that the resistance to oxygen transfer across the interface is
negligible, the catalyst surface is flat and the ionic liquid is a
homogeneous film, oxygen transport can be calculated as
shown in eqn (2) (see Sections S5 and S6, ESIT).

Op — O1L o\
Jo, = |—— S, h
0, ( De +D1LSR) . Where (2)
Ci,i  So,1L
SR = L=
Ce.i SOzﬁ

where Jp, Jyy, are the thickness of the diffusion and ionic liquid
layer respectively, De and Dy, are the diffusion coefficients of
oxygen in the electrolyte and ionic liquid. SR is the the ratio
between oxygen thermodynamics activity, at equilibrium with
1 bar oxygen partial pressure (i.e. the product of solubility
and activity coefficient) in the ionic liquid (So,u) and the
electrolyte (So o). Finally, C.; and Cy,; are the concentrations
of oxygen at the interface, on the electrolyte and ionic liquid
sides respectively.

The results of this model, compared to the experimental
diffusion-limited current at 1600 rpm, are shown in Fig. 3e. As
expected, the transport-limited current increases with the per-
meability of oxygen in the ionic liquid but the dependence is
not linear as oxygen transport is controlled by the layer with
lowest oxygen permeability. This results in the current decreas-
ing much faster for ionic liquid with permeability lower than
the electrolyte, than it increases in the opposite case. The main
conclusion is that oxygenophilic ionic liquid can be used to
improve oxygen transport, but not as much as a linear correla-
tion with oxygen permeability would predict.

Using eqn (2), we can also observe the effect of various
parameters, such as the thickness of the ionic liquids or of the
diffusion layer, on the current density. Fig. 3f shows the ratio of
the diffusion-limited current in presence and absence of the
ionic liquids, as a function of the rotational speed. The effect of
the ionic liquid layer becomes more pronounced with higher
rotational speeds. The model fits the experimental data reason-
ably well and the discrepancies might result from an inhomo-
geneous distribution of the ionic liquid on the catalyst, which is
discussed in the following section.

So far, we have discussed the effect of oxygen transport in
diffusion-limited conditions. When both the oxygen transport
and reaction kinetics play a role, the effect of the ionic liquid is
more complex. On one side, the ionic liquid affects the trans-
port of oxygen as described above, while on the other side it
changes the concentration of oxygen at the catalyst surface,
influencing the rate of reaction. In this case, the total oxygen
flux or oxygen reaction rate can be calculated according to

eqn (3).

‘ SRSo, eDeDr1.
"kyxDediL + kyxSRD1L(0 — 1) + DipDe

JQ2 =T0, = k
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where 7o is the rate of consumption of oxygen, k., is the oxygen
reaction constant (which is potential dependent). The reaction
constant can be further related to the overpotential () via the
Butler-Volmer equation for irreversible reactions (eqn (4)),
where F is the Faraday constant, z is the number of electrons,
R is the universal gas constant, o is the charge transfer
coefficient, T'is the temperature and k, is an empirical quantity.

This equation highlights how the ionic liquids affect both
the rate of reaction (through oxygen solubility) and the trans-
port of oxygen (through oxygen permeability), with the relative
effect depending on the applied potential. Given a library of
ionic liquids with known oxygen transport properties, eqn (3)
offers an analytical expression to determine which ionic liquid
would provide the highest current at any overpotential. Clearly,
the ideal ionic liquid should feature both high oxygen solubility
and diffusivity. However, these two parameters cannot usually
be independently tuned.>® Unless this limit is overcome, the
optimal ionic liquid layer should maximize the oxygen solubi-
lity, while minimizing the thickness. The minimum thickness
would be a monolayer of ionic liquid, which has been pre-
viously estimated to be of roughly of 1 nm.?”~>° In this case, the
diffusion layer (~300-400 um depending on the rotational
rate) would be orders of magnitude larger than the thickness
of the ionic liquid (~1 nm) and the expression for the oxygen
flux could be simplified as shown in eqn (5). This shows that for
monolayers of ionic liquids, oxygen reduction would be insen-
sitive to the diffusivity of oxygen in the ionic liquid and would
only depend on the activity of oxygen in it. For example, for the
selected catalyst, if a monolayer of ionic liquid with a solubility
ratio of 2 is added, the current at 0.90 V vs. RHE is predicted to
increase by 60%, from 1.53 mA cm > to 2.41 mA cm . Fig. $9
in the ESI, shows the effect of a monolayer of ionic liquid on
the oxygen reduction current as a function of applied potential
and solubility ratio.

SRSo,.cDe

"k SR + D, (5)

']02 =T0,IL = k

Since oxygen transport in the ionic liquid is independent on the
choice of catalyst or electrolyte, the derived expression can be
applied to any aqueous electrolyte and active site, by adjusting
the reaction constant accordingly. Similarly, the conclusion on
the optimal properties of the ionic liquid, from a transport
perspective, are universal for the oxygen reduction reaction.

The distribution of ionic liquids on the catalyst support

From the above analysis, it can be deduced that, for practical
applications, the ideal ionic liquid layer for oxygen reduction
should have high oxygen solubility, minimum thickness and
homogeneous distribution. This observation leads to the neces-
sity of understanding how ionic liquids distribute on the
catalyst surface, which we will hereby achieve via thermal
analysis and nitrogen physisorption.
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Fig. 4 Mass spectrometry (top) and thermal gravimetric measurements of, from left to right, the pristine catalyst, the bulk ionic liquid and the catalyst
with a layer of EIM NTF2. To make the mass spectrometry data ore readable, only selected masses are shown.

Differential scanning calorimetry (DSC) and thermogravi-
metric analysis coupled with mass spectroscopy (TG-MS) were
used to confirm the interaction between the ionic liquid and
the catalyst, exploiting the fact that the properties of an liquid
confined into porous materials are different from those of
liquid in the bulk.®® DSC measurements on bulk EIM NTF2
and on the EIM NTF2-modified catalyst show that the typical
glass transition, crystallization and melting peaks present in
the pure ionic liquid disappear upon impregnation on the
porous catalysts (Section S7, ESIf). This confirms that EIM
NTF2 has been successfully incorporated on the catalyst and
that the ionic liquid remains in an unaffected liquid state up to
—100 °C.

Fig. 4 shows the results of TG-MS. While the bulk ionic
liquid starts to decompose at 222 °C, the onset decomposition
temperature of the ionic liquid incorporated in the catalyst
decreases to 200 °C (Section S7, ESI}).°"*> When comparing
different ionic liquid loadings (Fig. S10, ESIt), it can also be
noticed that at higher loading the onset decomposition tem-
perature of the confined ionic liquid approaches that of the
bulk, confirming that the thermal stability drop originates from
interaction of the ionic liquid with the support.

Nitrogen physisorption further allowed us to study IL dis-
tribution in the catalyst pores, with an incremental loading of
2 w% to 80 w%. Fig. 5a and b show the N, sorption isotherm
and pore diameter distribution of the catalyst modified with
EIM NTF2. As expected, the impregnation with the ionic liquid
leads to a decrease in both surface area and pore volume. The
micropore volume decreases rapidly and is almost nil already at
10 w% ionic liquid loading (Fig. 5d), while the average pore
diameter remains quite stable throughout the ionic liquid
addition (Fig. 5e), suggesting that EIM NTF2 is completely

748 | EES Catal, 2023,1, 742-754

filling up some pores (starting from the micropores), leaving
others dry. In fact, if the ionic liquid were to distribute
uniformly on the surface of the catalyst, one would expect a
gradual broadening of the pore diameter distribution and a
linear decrease in the average diameter. This indicates that the
support-ion interactions are weaker than ion-ion interactions.
The fact that the BET surface area initially decreases, but
remains constant above 40 w% IL loading (Fig. 5c), also
supports this hypothesis, as above this value the ionic liquid
keeps filling up increasingly larger pores and depositing in the
form of droplets, while leaving a significant proportion of
the surface uncovered. Similar dependence of the BET surface
area® and electrochemical surface area® on the ionic liquid
loading have been already reported.

Since it has been reported that different anions can cause a
different distribution of the ionic liquid on a support,®” we
studied the effect of the other anion considered in this study
(PF6), by looking at BMIM PF6. This ionic liquid showed
a similar behavior to EIM NTF2, with a rapid decrease in
micropore volume and constant average pore diameter
(Fig. S12, ESIT). However, as it can be observed in Fig. 5f, for
the case of BMIM PF6, the pore filling degree experimentally
determined by nitrogen physisorption is much higher than the
volume of ionic liquid that was added to the sample. This
suggests that BMIM PF6 can sit at the entrance of some pores,
blocking access to them without fully filling their volume.

The IL distribution deduced from this study are summarized
in Fig. 5g-1. Rather than forming an ideal monolayer (Fig. 5h),
our experiments suggest that EIM NTF2 distribute inhomogen-
eously, gradually fill up the some pores starting from the
smallest (Fig. 5i) while BMIM PF6 offers a similar behavior
while also blocking access to some pores (Fig. 51).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Conclusion

In this work, the effects of ionic liquids on the transport of
oxygen and kinetics of oxygen reduction were studied and
deconvoluted.

e To account for the effect of ionic liquids on kinetics, we
correlated the voltametric peak for *OH adsorption to the
kinetic activity. There is a strong correlation between the peak
position and oxygen reduction activity. Ionic liquids were found
to generally strengthen the bond, having a detrimental effect on
the ORR kinetics of FePC. We hypothesize that the co-
adsorption of the IL cations might cause the observed change
in *OH bond.

e To address the lack of reproducibility in the reported
values for oxygen transport in ionic liquids, we compared
the results obtained with three common methods. We devel-
oped a facile method to experimentally distinguish oxygen
solubility (via gravimetric and volumetric techniques) and the

© 2023 The Author(s). Published by the Royal Society of Chemistry

thermodynamic activity of oxygen in electrochemical condi-
tions (via electrochemical methods).

e Having characterized oxygen permeability in the ionic
liquids, we quantified the effect of ILs on the transport of
oxygen. We derived an equation to allow the calculation of
oxygen reduction current at a given potential, knowing the
kinetics of oxygen reduction on the pristine catalyst and the
transport properties of oxygen in the ionic liquids. This equa-
tion additionally allowed us to conclude that the highest ORR
activity can be obtained by maximizing oxygen solubility in ILs,
at the expenses of diffusivity, while using a homogeneous layer
of ionic liquid with minimum thickness.

e Finally, using nitrogen physisorption, we were able to
characterize the distribution of ionic liquids on the catalyst
surface. EIM NTF2 was observed to deposit in clusters, gradu-
ally filling the pores, starting from the smallest. BMIM PF6
showed a similar behavior but was additionally found to sit at
the entrance of some pores, blocking access to them. This
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highlights the potential of further improving solid catalysts
with ionic liquid layers, by optimizing the synthesis method, to
allow the formation of uniform layers.

We envisage that our findings are also applicable to other
electrochemical reactions. In particular, the hydrophobic nat-
ure of these ionic liquids could be further beneficial for the
reactions that compete with hydrogen evolution, such as CO,
reduction®®® and N, reduction.®® Additionally, oxygenophilic
ionic liquids can also be used to significantly increase the
concentration of carbon dioxide at the active site. In fact, the
solubility of CO, in ionic liquids is three orders of magnitude
higher than in water.”°® The method hereby proposed to
experimentally distinguish between oxygen solubility and ther-
modynamic activity in ionic liquids could also be applied to
carbon dioxide (and in principle to any other gas), to obtain a
more reliable prediction of their performance, which could find
application in CO, capture and CO, reduction. Of course, the
effect of ionic liquids on the performance of CO, reduction or
N, reduction catalysts would be complex and multifaceted, like
it is for ORR. The application of ionic liquid layers to these
reactions would require a separate optimization but this work
offers a platform and systematic approach in this direction.

4. Materials and methods
Materials

Iron(n) phtalocyanine was purchased from Sigma-Aldrich
and used as received. The ionic liquids 1-ethylimidazolium
bis(trifluoromethylsulfonyl)imide (EIm NTf2), 1-butyl-3-methyli-
midazolium bis(trifluoromethylsulfonyl)imide (BMIm NTf2),
1-butyl-3-methylimidazolium hexafluorophosphate (BMIm PF6),
1-butyl-1-methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide
(BMPyr NTf2), 1-butyl-1-methylpyrrolidinium hexafluoropho-
sphate (BMPyr PF6) were purchased from IoLiTec and used as
received. Thermally exfoliated graphene was used as received.

Synthesis of ionic liquid-modified catalysts

Iron(u) phtalocyanine was selected as a model catalyst for all
the electrochemical tests and graphene was chosen as a support
thanks to its high conductivity.

In the synthesis of a typical catalyst, FePc and graphene were
grinded in a mortar in a 1:1 mass ratio. The resulting powder
was dispersed in a mixture of 30% IPA in water at a concen-
tration of 4 mg mL'. The of ionic liquid was added to the
mixture and ultrasonicated for 10 minutes using a tip sonica-
tor. Unless otherwise stated, 20 w% of the ionic liquid was
added with respect to the pristine catalyst. The resulting
solution was finally mixed for 48 hours to allow full contact
between the catalyst and ionic liquid. The pristine catalyst was
subject to the same treatment, to account for any modifications
that might result from sonication and stirring.

The resulting solution was freeze dried, to obtain the
catalyst powder, which is referred to as FePC/G + IL.
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Electrochemical testing

Catalyst inks at a concentration of 2 mgpepcic ML~ were
prepared by dispersing 2 mg of pristine catalyst in 1 mL of
30%IPA in water with 18 L of Nafion, followed by 20 minutes
of bath sonication and 10 minutes of probe ultrasonication.

5 uL of the catalyst ink was spin-coated on a rotating disc
electrode (3 mm radius, RDE, Metrohm, previously polished
with a micropolish cloth and 0.05 pm alumina suspension),
resulting in a loading of 0.14 mg cm > (based on the mass of
the FePC/G catalyst). The electrode was left to dry for 2 hours
before testing.

Electrochemical measurements were performed in a 3-
electrode electrochemical cell, featuring a rotating disk working
electrode, a graphite rod counter electrode and a Hg/HgO
reference electrode. The reference electrode was calibrated
regularly and all the potentials in this paper are reported vs.
RHE. The ohmic drop was determined after every LSV experi-
ment, by fitting the high frequency semicircle obtained
from impedance spectroscopy. The ohmic drop was found to
be 13 Q ca. for all the samples tested. All the reported data have
been iR corrected.

In a typical experiment, the electrolyte (0.1 M KOH, Supra-
pur®, Merch) was saturated with oxygen (399.9998% Ultrapure
Plus, Air Products) and linear sweep voltammograms (LSV)
were collected at a scan rate of 10 mV s~ * and rotational speed
ranging from 400 to 2400 rpm. Cyclic voltammograms (CV)
were collected in static, N,-saturated (399.99998% BIP™ Plus,
Air Products) 0.1 M KOH at a scan rate of 50 mV s~ '. Finally,
square-wave voltammograms (SWV) were collected under the
same conditions, using a potential step of 4 mV, modulation
amplitude of 20 mV and a frequency of 2 Hz, resulting in a

scan-rate of 8 mV s .

Oxygen transport-gravimetric

Oxygen solubility with gravimetric measurements was determined
using a gravimetric gas sorption analyser (Isochema IGA-002).
This instruments features an ultrasensitive microbalance, with a
capacity of 1 g, resolution of 0.1 pg and £1 pg and allows the
precise control of pressure, from submillibar to 20 bar. Experi-
ments were typically performed at 1, 2 and 3 bar and all the
absorption measurements in this work were performed in
dynamic mode, in order to ensure an exhaustive control of the
set-point pressure. The temperature was maintained at 25 °C and
regulated by an external water bath.

In a typical experiment, around 150 mg of the ionic liquid
was loaded in the machine and degassed at 50 °C for 24 h under
vacuum (10~ bar). Temperature was therefore reduced to 25 °C
and the weight was recorded. Oxygen was introduced, up to a
set pressure, under constant temperature and the sample
weight was monitored. A minimum equilibration time of
2 hours was utilized, and the samples were typically equilibrat-
ing in 3 to 4 hours. Desorption experiments were performed in
a similar manner.

All the collected data were subsequently buoyancy-corrected.
Firstly, an experiment was performed with the empty sample

© 2023 The Author(s). Published by the Royal Society of Chemistry
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holder (SH), in order to determine the mass and volume of the
sample holder (mgy,Vsn). In absence of a sample, the mass read
(Myreaa,su) is equal to the real mass of the sample holder (which
does not change with pressure) and the buoyancy effect (which
is proportional to the density of oxygen and the volume of the
sample holder). Knowing how the gas density (p) changes with
pressure (data obtained from NIST®’), the volume of the sample
holder is calculated. Similarly, from the solubility experiments,
the mass of the sample holder and sample (7sp:sampie) Can be
calculated from the balance reading (me.q) by subtracting the
effect of buoyancy, knowing the volume of the sample holder
and that of the sample (obtained from the calculated mass and
the known density).

MreadSH = MsH — PVsH
(6)

Mread = MSH+sample — p(Vsample + VSH)

For both the gravimetric and volumetric methods, the diffusion
coefficient is calculated by fitting the time-dependent data to
the solution of Fick’s second law, as shown in eqn (7).

_ 1t

1 2
/‘L” = (n+§> sz

where CS and CO are the saturation and initial concentration
respectively, ¢ is time and L is the thickness of the ionic liquid
tested. The diffusion coefficient, D, is determined by fitting the
experimental data to this equation by non-linear regression.
Although this equation contains an infinite summation, it has
been shown that only a few terms are sufficient for an accurate
calculation of D.”° The first 10 terms have been used in the
fitting. For both the case of the volumetric and gravimetric
analysis, the sample thickness was calculated using the mass of
the sample, the density of the ionic liquid and the diameter of
the sample holder.

Oxygen transport - volumetric

A micromeritics 3 Flex proposity analyser was used to calculate
oxygen transport parameters volumetrically. Using micromeri-
tics VacPrep, 2 mL of ionic liquids were degassed at 10~° bar,
50 °C for 24 hours. The samples were consequently transferred
to the porosity analyser, using a check seal, to avoid contact
with atmosphere.

In a typical experiment, 2 mL of sample are used and the
mass is accurately determined by weighting the sample before
and after degassing. Oxygen is supplied at ambient temperature
at a set-point pressure through a manifold, of known volume.
Then the decrease in pressure in monitored, and from the
steady-state value (Ppeas), the amount of gas absorbed is
determined (Vagsstp), by the difference between the expected

© 2023 The Author(s). Published by the Royal Society of Chemistry
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pressure and the observed one, according to eqn (8). To
calculate the expected pressure, from the volume of amount
of gas introduced in the same, it is necessary to know the free
space, i.e. the space in the sample holder that is not occupied
by the sample, accurately. The free space (Vi.e) is calculated
repeating the same experiment with argon as a absorptive gas,
which is assumed not to be absorbed by ionic liquid, or only in
negligible amounts. The free volume is therefore calculated
starting from the known volume of gas introduced (Vciosed,stp),
at standard temperature (Ty) and pressure (Ps) the temperature
of the sample (Tsample), according to eqn (9).

Pmeas Tst Vd J
- osed,stp

Tsample ( 8]
P st Tsample

T stp

Vads,stp = Viree

TsampleP st
Viree = Vdosed‘stpTi
st

st P, measured

©)

The diffusion coefficient is then determined by fitting the time-
dependent pressure adsorption data to the solution of Fick’s
equation, as done for the gravimetric method.

Oxygen transport - electrochemical chronoamperometry

A less common approach to the determination of gas solubility
in ionic liquids is electrochemical. For this, we used an in-
house made T-cell (Fig. 6), following a structure previously
reported.”! In brief, this consists of a platinum microelectrode
(purchased from Metrohm, 10 pm nominal diameter) and two
silver wires, acting as working, counter and pseudo-reference
electrodes respectively. On top of the working electrode is a
plastic collar, where the ionic liquid was inserted. The cell also
featured two valve, which allows the connection to the gas inlet
or vacuum pump.

In a typical experiment, 100 pL of the ionic liquid are loaded
in the plastic collar and degassed in the cell, at 50 °C for
24 hours. Afterwards, the cell is disconnected from the line

Valves
|
Silver Wires
Pseudo-reference
Gas inlet . and counter
(2mm electrode
diameter) (diameter: 0.25 mm)
") Transparent
Plastic collar plastic casing
Electrolyte .
fiaer Pt working |
electrode i
Shaft 3
Rubber diameter r
bungs 5mm J

Fig. 6 Schematic of an electrochemical T-cell.

I
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and connected to oxygen at 1 bar. Cyclic voltammograms are
periodically recorded to monitor the attainment of oxygen
saturation in the ionic liquid. The potential is then stepped
from a value at which the faradaic current is negligible, to one
where oxygen reduction is mass transfer limited. The potentials
to be applied were determined by observation of the cyclic
voltammograms.

Time-dependent data are recorded for a minute, after which
the potential is brought back to its original value and the
oxygen is left to saturate for 15 minutes before repeating the
experiment. The oxygen solubility (Co,) and diffusivity (Do) was
then calculated by fitting the time-dependent current to the
Shoup-Szabo equation, shown below

4Do,t
I = —4nFDo,Co,raf (1), 1= r(2)2
¢ (10)
1
1 1
£(x) = 0.7854 + 0.888637 2 + 0.2146¢ 078237 2

where F is the Faraday constant and n is the number of
electrons transferred, assumed to be 1, as reported in several
occasions.”"”? Finally, the disk radius, r4 was calibrated using a
simple reaction, with well-known diffusion coefficient (D =
2.3 x 1077 m”> s7"),” the single-electron oxidation of 2 mM
ferrocene in acetonitrile, containing 0.1 M tetrabutylammo-
nium perchlorate. The fitted radius was found to be 9.0 um,
in line with the nominal value of 10 pm.

Data were fitted starting from 0.02 s and finishing at 1 s.
Earlier data were discarded to minimize current contributions
from non-faradaic charging, while was stopped at 1 s, because
around this value, the resultant Do, and C,, were found to be
independent of fitting time.

Thermal analysis

A thermal analysis Q200 DSC was used to determine phase
transition temperatures. The samples were vacuum dried for
12 h at 80 °C before the experiments, to remove moisture. The
samples were therefore cooled at —100 °C followed by a
10 minutes isotherm and finally the DSC thermograms
were recorded from —100 °C to 500 °C at a heating rate of
10 °C min .

A thermal analyzer (Netzsch TG 209 F1 Libra), coupled with
a mass spectrometer (Netzsch QMS 403 D Aeolos) were used to
study the thermal stability of the ionic liquids and catalysts.
Once again, all the samples were vacuum dried for 12 h at 80 °C
before the experiments. TGA thermogram were collected from
25 °C to 1000 °C, at a heating rate of 10 °C min ", under a
nitrogen flow of 40 mL min . At the same time, mass spectro-
metry data were collected, in a mass range of 2 u to 100 u.
Around 15 mg of sample were used in each measurement. The
low amount of sample was selected to avoid heat transfer
limitations.

Porosity analysis

Nitrogen sorption isotherms were measured at 77 K using a
Tristar sorption analyser from Micromeritics. Before the mea-
surements, the samples were degassed at 453 K for 24 h in
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vacuum. The surface area was determined from the linearised
BET equation, the micropore volume was obtained via the ¢-plot
and the pore volume distribution was determined using the
NLDFT model for carbon slit pores.

X-ray absorption spectroscopy

The ex situ XAS measurements at the Fe K-edge, were performed
in transmission mode at the beamline 120-EDE at Diamond
light source. The catalysts were mixed with 50 w% cellulose and
pressed to obtain pellets, that were consequently analysed
ex situ. The XAS data were processed using the Athena program.
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