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Abstract: MnOy films electrodeposited at basic, neutral, and acidic conditions from an ionic liquid were investigated by

means of X-ray absorption spectroscopy at the manganese L, s-edges and the oxygen K-edge. Such films can serve as

catalysts for the water oxidation reaction. Previous studies showed that the catalytic activity could be controlled by a

variation of the deposition parameters, which influence the formation of MnOy phases and the film composition. Herein

the film compositions are investigated in detail, indicating different ratios of MnOy structural phases in the films. All films

in the series predominately consist of varying proportions of three MnO, phases — Mn,O3, MnzO,, and birnessite, while an

increase of the average Mn oxidation state in the film is identified when going from basic to acidic conditions during

electrodeposition. The contribution of these three phases shows a systematic dependency on the pH during

electrodeposition. While no specific single MnOy phase was found to dominate the composition of samples with previously

found high catalytic activity, the X-ray spectroscopic results revealed the compositions of those samples close to neutral

conditions to be most sensitive when changing the pH.

Introduction

The development and improvement of catalytic materials are a
major milestone towards the effective use of sunlight driven
water splitting as a renewable energy source.*-°1 Manganese
oxides (MnO,) fulfill key criteria for water oxidation catalysts,
e.g., they are composed of innocuous and abundant elements,
show promising catalytic activity, as well as mimicking the
CaMn,4Os catalyst within Photosystem-I1.-21 Although there is
great interest in MnOy as a water oxidation catalyst,>-29 the
search for an optimum MnOx structure, composition, and
morphology is ongoing.?%>-?2l MnOy exists in various structural
phases, with each exhibiting very different catalytic activities
towards water oxidation. The thermodynamically favoured MnOy
structural phase is highly pH dependent and typically indicated
by the Pourbaix diagram, however, prediction of the formed
phases is complicated by kinetic barriers. The wide variety of

structures that may be formed, and thus Mn valences, creates
a challenge for producing efficient MnOy catalysts, which is
compounded by the effects of extensive structural disorder in
many active catalysts. Identifying the dominant structural motifs
in largely amorphous films can be very challenging. Soft X-ray
spectrsocopy is exceptionally sensitive to differences in redox
states and electronic structure. For this reason, it is employed
herein to determine the structural phases formed by
electrodeposition of MnOy films from water in ionic liquid with

systematically varied pH.

Among a variety of other preparation methods,214.23-27]
electrodeposition is advantageous as it allows precise control of
the formation rate and conditions through control of the applied
potential — and consequently the driving force for the film
formation. The electrodeposition of catalytically active MnOy has
been studied in detail, 16192829 with the deposition and testing
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solution pH being a variable of importance.['%28 While an active
catalyst must be functional in water, preparing the catalyst in
aqueous solution does impose limits on the conditions applied.
In this study, a mixture of ionic liquid (90%) and water (10%)
was used as deposition solution, forming an electrolyte with
unusually large cations and anions present, which will in turn
affect activity and deposition of materials. Further, it enables to
expand the range of temperature beyond that of a typical
aqueous solution, while also altering the acidity.®” An ionic
liquid (IL) is a liquid salt at ambient or near ambient conditions,
viz. itis a liquid composed of only anions and cations. Using an
IL in combination with varying the pH during electrodeposition
was shown to allow the formation of films that are catalytically
active towards water oxidation. The IL allowed depositions at a
temperature exceeding the water boiling point, while the acidity
variation strongly influenced the morphology and structural

phase of the final film.B%

The films were formed by oxidatively electrodepositing MnOy
onto fluorine-doped tin oxide (FTO or F:SnO,) from Mn(ll)
acetate in a mixture of the ionic liquid, ethylammonium nitrate
(EAN, EtNH3NOs3), and water, at 120 °C varied in pH by the
addition of either nitric acid or ethylamine. This preparative
approach was defined in a previously conducted study®, with
the samples examined therein by means of voltammetry, X-ray
diffraction, energy dispersive X-ray analysis, and scanning
electron microscopy. The dominant structural motif within the
films was found by fingerprint comparisons between Mn K-edge
X-ray absorption spectroscopy of samples and reference
spectra (X-ray Absorption Near Edge Structure and Extended
X-ray Absorption Fine Structure). Thereby, it could be identified
that variation of the pH during electrodeposition has a large
influence on the structure/composition and morphology, as well
as the catalytic activity towards the oxygen evolution reaction
(OER). In particular, the previous hard XAS at the Mn K-edge
hinted at the contribution of multiple MnO, phases.% However,
the observation of subtle changes in the films and mixtures of
different structural motifs was limited, as was the surface
sensitivity. Thus, the underlying reason for the surface-area-
normalised catalytic differences between the samples remained

unclear.

In order to identify compositional differences that might be the
origin for the previously observed variation in catalytic activity of
the samples, the present study examines the films via soft X-ray
absorption spectroscopy (XAS) in total electron yield (TEY)
mode. Due to the short electron escape depth of only a few nm

this method is very surface sensitive. Moreover, it enables the

identification of MnOy phases present in the samples, and due
to the detection of dipole allowed 2p-3d transitions it can reveal
even small changes in the 3d valence electronic structure, which
plays a key role for the catalytic activity. XAS in the soft X-ray
regime at the Mn L, 3-edges applied herein, provides distinct and
unique spectral features for different oxidation states in addition
to changes in the chemical environment.’Y Thus, it allows the
Mn oxidation state to be determined, as well as identification of
the structural phases. The additional analysis of the O K-edge
gives complementary information about the investigated

system.

Results and Discussion

The samples deposited at different pH consist predominately of
a mixture of three MnOy phases. Although the identification of
the amount of a particular phase is challenging, it is shown that
by comparing each X-ray absorption (XA) spectrum to
manganese oxide reference samples with a well-known
structure, the contribution of a single phase can be determined.
This was achieved using a fitting algorithm handling the XA
spectra as a superposition of spectra from specific MnOy
phases.

A soft X-ray analysis was performed on a series of MnOy
samples electrodeposited onto an FTO anode. The samples
were prepared from the ionic liquid, ethylammonium nitrate at
120 °C, with a variation of the pH from acidic to basic during
electrodeposition (for details see the experimental section in the
supporting information (SI) and Ref.B%). The samples are
henceforth denoted as A3, A2, Al, EO, B1, B2, and B3 in order
of increasing pH with ‘A’ indicating acidic while ‘B’ denotes basic
deposition conditions. The sample EO was prepared under near
neutral conditions. Through comparison of the normalized
catalytic activity,*° the previous study showed higher activity for
samples EO, Al, and B1. Sample EO was identified as the most
efficient catalyst, followed by those prepared at slightly acidic
and basic conditions (Al and B1, respectively). XAS was
applied to identify how the phase composition changes when
varying the pH, by studying the samples in an element selective
fashion by tuning the energy of the incoming X-rays to the O
K-edge and Mn L,s-edges. All the XAS measurements were

conducted in TEY mode.

Mn L, s-edges X-ray absorption spectra in an energy range from
635 to 663 eV are shown in Fig. 1, with electronic core-valence
transitions induced by the incident soft X-rays leading to two
multiplet structures. The first structure from 639 to 648 eV
originates from Mn 2ps, = 3d transitions (Ls edge) and the
structure between 650 and 658 eV is caused by Mn 2py, = 3d



transitions (L. edge). The spectra in the top panel of Fig. 1 are
separated into three groups according to the pH conditions:
basic (group ‘B’, top), neutral (EO, middle), and acidic (group ‘A’,
bottom). These spectra are also shown overlaid in Figure S1.
XAS is sensitive to the local electronic structure with the
morphology of the sample having a negligible effect on spectral
shape. Thus, although the morphology of the samples within
groups ‘A’ and ‘B’ was shown to be distinct,% the shape of the
absorption spectra within the groups is quite similar indicating a
similar composition of MnOy phases for each group. By
comparing the spectra of group ‘A’ and group ‘B’, clear
differences in the spectral shape can be observed. The spectra
of group ‘B’ exhibit a broad L; main feature with several high and
low energetic shoulders while the L, main peak has a clearly
separated shoulder at the low energy side. On the other hand,
the spectra of group ‘A’ show a clear double peak structure at
the L; edge while the L, edge exhibits a broad feature without a
clearly distinguishable low energy shoulder. According to its
deposition conditions, sample EO exhibits an intermediate
spectral shape compared to the ‘A’ and ‘B’ samples. The
spectra of each of the three groups exhibit distinct features
(exemplified by dashed lines in Fig. 1), which coincide with
spectral features of reference materials (see Fig. 1 bottom
panel, Fig S2, as well as spectra from literature%32). This
indicates a change in the ratio of coexisting phases. Going from
group ‘B’ to group ‘A’ a high energy feature appears at the L3
edge, which can also be observed for reference spectra of
phases with high average oxidation state. This indicates an
increase of the mean Mn oxidation state of the samples with
decreasing pH during electrodeposition. This is further
supported by the change in the shape of the L, edge. For group
‘B’ the L, edge exhibits a separated shoulder (blue arrow in Fig.
1), which is missing for the samples of group ‘A’. A shoulder at
this position can be found for reference samples that contain a
high amount of Mn®* (Mn,O3 or Mn3O,) while no feature at this
energetic position can be found for reference samples with a
high Mn** content (MnO, and birnessite). This indicates that the
samples of group ‘A’ contain a higher proportion of Mn**, while
sample EO and the samples of group ‘B’ contain more Mn3*.
Interestingly, the energetically lowest feature — a shoulder at
640 eV — has its lowest intensity for sample EO (red arrow in Fig.
1 & S1). The energetic position of this feature is comparable to
the position of the lowest feature in the Mn?* (MnO) and Mn3O4
reference spectra, and therefore is expected to be caused by
Mn?* (cf. Fig. 1 bottom panel and Fig. S2). This indicates sample
EO has the lowest percentage of this Mn oxidation state. A
detailed discussion untangling the contributions of Mn phases

will be given later.
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Figure 1. Top panel: Comparison of the Mn Lz3-edges absorption spectra
measured in total electron yield mode for the samples deposited under basic
(‘B’, top), neutral (‘E0’, middle), and acidic (‘A’, bottom) conditions. These
spectra are plotted on the same axis in Figure S1 to facilitate comparison.
Bottom panel: Mn Lz3-edges absorption spectra measured on reference
samples (for details see Sl). The arrows and dashed lines indicate features
referred to in the main text.

Samples EO, Al, and B1 were indicated by MacFarlane and
colleagues as the most active catalysts amongst the
investigated sample set.®. This determination was reached
after the catalytic activity was normalised to the electroactive
area, minimizing the influences of the sample morphology when
comparing the activity for OER catalysis. Interestingly, the XAS
spectra for samples Al and Bl are more in-line with their
respective groups rather than being particularly similar to each
other. Thus, a closer look has to be taken at the X-ray absorption
(XA) spectra to reveal changes in the sample composition.
Indeed, the samples Al and Bl show weak but distinctive
spectral differences compared to the spectra for the less
efficient catalysts in groups ‘A’ and ‘B’, respectively. These
differences are most pronounced at the L3 edge in the energy
region ca 641.6 eV (green arrow in Fig.1 & S1).
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Figure 2. Oxygen K-edge absorption spectra measured in total electron yield
mode for all samples deposited at different pH, under basic (‘B’, top three
spectra), neutral (‘EO’, middle spectrum), and acidic (‘A’, bottom three spectra)
conditions. The pre-edge energy region (528 — 534eV) originates from a
transition of an O1s electron to hybridized O2p Mn3d states and is sensitive
to the MnOx phase. (cf. Fig. S3)

The spectrum for sample B1 exhibits a lower absorption at this
energy than the spectra for sample B2 and B3. For sample Al,
the absorption in this energy region is higher when compared to
the other two samples of the same group. The L, edge shows
indication of similar changes. These subtle, but continuous
spectral changes indicate a continuous change in the
composition of formed MnOy phases. In addition to the spectral
change at 641.6 eV, the spectrum of sample B1 shows an
intensity change in the high energy shoulder at approximately
643.0 eV that doesn’t occur in the spectra of group ‘A’, indicating
that the samples of group ‘B’ contain a different set of MnOy

phases than the samples of group ‘A’ (vide infra).

To obtain a more comprehensive picture of the changes in the

MnOx electronic structure, additional XAS spectra at the oxygen

K-edge were taken in the energy range from 525 to 550 eV
(Fig. 2). When interpreting the spectra regarding individual
electronic contributions, two regions can be separated: The first
is the pre-edge region from approximately 528 to 534 eV,
exhibiting well-defined peaks originating from a hybridization of
O 2p and Mn 3d states. This region provides complementary
information about the Mn oxidation state, ligand field, and
bonding. The second is the energy region above approximately
535 eV containing broad and less defined structures, which
relate to a hybridization of Mn 4s and 4p states with the O 2p

conduction bands.[33-33]

A shift of the pre-edge features to lower energies indicates an
increase of the Mn oxidation state, ligand field, and bonding.
Another indicator for the MnOy phase is the ratio of the first two
features ("X’ and ‘y’ in Fig. 2). The O K-edge spectra of MnO,
and birnessite that both contain Mn** show a clear dominance
of feature X' compared to feature ‘y’ (Fig. S3), as in the
literature.®Y For the samples examined herein, the highest ratio
of these peaks is found for the samples of group ‘A’, indicating
a significant proportion of Mn** is present in these samples.
Samples B2 and B3 on the other hand, exhibit a one to one ratio
and a splitting of feature ‘y’ into two separate peaks (‘y:’ and ‘y,’
in Fig. 2). Similar shape of the ‘y’ feature is observed in O K-
edge spectra of Mn,03; and MnzO4, comprising Mn®* (Fig. S3).
The samples B1 and EO show an intermediate ratio of the
features ‘x’ and 'y’ and a broadening of feature ‘y’, indicating an
intermediate oxidation state between the acidic or more basic
samples. These findings agree well with the conclusions
deduced from the spectra at the Mn L,s-edges (vide supra),
indicating that a high proton activity (low pH value) during
preparation favors the formation of MnOy in a higher oxidation
state. The second region in the O K-edge spectra also exhibits
a clear change between the two groups. The energetic position
of peak ‘z’ for the samples of group ‘B’ is shifted about 1 eV to
lower energy compared to the samples of group ‘A’, indicating a
higher localization of the underlying electronic transitions to the
hybridized O 2p — Mn 4s, 4p states. Interestingly, this shift is
observed for sample EO that — together with sample B1 — more
closely resembles the spectra of group ‘A’ in the pre-edge
region. In addition, peak ‘Z’ appears broader for these two
samples compared to the other samples. This feature is
sensitive to changes in the electronic structure caused by the
Mn-O bond length,® suggesting a higher variety of bond
lengths in the sample, which could be caused by a stronger
mixing of different MnOy phases or decreased long-range order

in samples B1 and EO.
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Figure 3. Mn L23-edges absorption spectra of the investigated samples (solid
lines) and the corresponding linear combination fittings as a superposition of

the reference spectra (dotted lines).

In conclusion of this part, the analysis of both, the Mn L, ;-edges
and the O K-edge absorption spectra show that the sample
deposited close to neutral pH exhibits clear characteristics of
both Mn®* and Mn** along with a low content of Mn2*. In a next
step, the amount of contributing phases is estimated in a more
guantitative fashion. For this, the spectra were evaluated by
applying a linear combination fitting method utilizing

well-defined reference spectra.

The spectral features at the Mn L, s-edges are unique for each
MnOy phase, therefore, the fitting procedure can be used to
provide insight into the proportion of Mn existing in different
phases within one sample.*¥l The linear combination fitting
method was found to be an applicable method in the case of
mixed oxidation states and multiple phases.’l This allows
tracking of the composition of Mn phases within the samples,

which can be correlated to the variation of the pH during
electrodeposition. The fitting procedure utilized previously
collected reference spectra of the Mn L 3-edges for a set of well
characterized MnOy samples,P® viz. Mn?* resembling the
spectra of MnO, Mn3z04, MnO3, MnO, and birnessite (Fig. 1
bottom & Fig. S2). Prior to the fitting, all spectra were normalized
to the off-resonance background and a linear background
subtraction was applied (for details see Sl). The spectra of the
investigated samples (Fig. 1 top panel), were fitted by linear
combinations of the MnOy reference spectra (Fig. 1 bottom
panel) at the Mn L, 3-edges to quantify the contributions of MnOy
species in each sample. The aforementioned linear combination
fitting procedure allowed a superposition of the reference
spectra that strongly resemble the sample spectra in all cases
(Fig. 3). The fitting indicates sample compositions of primarily
three MnOy phases, viz. Mn,O3, Mn3zO4, and birnessite, while the
contribution of Mn?* (MnO) and MnO, was found to be below
10% (Fig. 4 & Table S1). Furthermore, a complementary
fitting procedure based on the O K-edge spectra gave
comparable results for the sample compositions (vide infra, Fig.
S4, S5 & Table S2).

The fitting approach herein reveals that the samples of group ‘A’
consist predominately of a birnessite-like phase with Mn;O,4 (58-
62% and 31-33% respectively, Fig. 4 & Table S1) while the
samples of group ‘B’ consist of a mixture of Mn,O3; and, to a
lesser extent, MnzO4 (57-79% and 21-29% respectively; Fig. 4
& Table S1). For the samples deposited closest to neutral
conditions, viz. Al, EO, and B1, the sample composition is highly
pH dependent: The amount of birnessite gradually decreases
with increasing pH while the amount of Mn,O3 shows an abrupt
rise when increasing the pH towards near neutral deposition
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Figure 4. Percentages of MnOx phases contained in the samples deposited
at different pH identified by the linear combination fitting procedure
(experimental and simulated curves are shown in Fig 3). The contributions of
K* Birnessite, Mn203, MnzO4, Mn?* resembling MnO and MnO; are shown for
each sample and plotted with error bars of + 1 standard deviation. However,
the total accuracy is estimated to be approximately + 5%. Tabulated values
for the contributions are provided in Table S1.



conditions. In addition, the sample deposited at near neutral
conditions, viz. EO, shows a notably reduced amount of MnzO4
and is composed almost entirely of Mn,O3; and birnessite. To
cross-check the fitting parameters obtained for the Mn
L, s-edges spectra, these parameters were used to create a
linear superposition of O K-edge reference spectra. Hereby, the
O K-edge spectra of the samples could be accurately
reproduced (Fig S4). A further optimization using the same
algorithm as for the Mn spectra did not led to a major
improvement (Fig S4), suggesting that the parameters are
coherent for the Mn L, s-edges and O K-edge spectra. Thus, the
phase contributions found for the O K-edge fitting are
comparable (Table S2 & Fig S5).

Interestingly, these findings imply that it is not an increase in
abundance of one specific “catalytic active MnOy phase” that
can be related to the enhanced catalytic activity for samples A1,
EO, and B1. Otherwise, a continuous increase/decrease of the
catalytic activity — with either group ‘A’ group ‘B’ being more
active — would be expected rather than a maximum activity for
the sample (EO). While the amount of Mn3O, is nearly constant
for the samples of group ‘A’ and ‘B’, sample EO shows nearly no
contribution of this phase. Since Mn;O,4 possesses a low OER
catalytic activity,*°39 the absence of this phase may contribute
to the high catalytic activity of sample EO. This, however, cannot
explain the higher catalytic activity of the samples Al and B1
compared to the other two samples of their respective groups,
all containing a comparable amount of Mn3;O,. A different
composition of A1 and B1 compared to the other two samples
of group ‘A’ and ‘B’ respectively, was previously suggested.%
The fitting approach herein reveals that both samples Al and
B1, have contributions of birnessite and Mn.Os, although in
different ratios (30:1 and 1:4, respectively; Table S1).
Meanwhile, sample EO displays the highest catalytic activity and
contains birnessite (Mn®*/Mn**) and Mn,O3; (Mn®") phases in a

ca. 1:2.5 ratio.

When interpreting these results it is important to consider that
this study is restricted to an ex situ analysis of the samples, i.e.
without applied potential, and further phase transformation is
likely to occur when applying a potential. The most
thermodynamically stable phase under operational conditions is
likely to be that indicated by the Pourbaix diagram. However,
this does not formally consider kinetic barriers nor the potential
importance of disorder. As such, it is possible that different
phases in the initial material affect the structural phase formed
in situ / operando. Of course, other sample properties that are

not accessible with the technique used herein can also influence

the catalytic activity. XAS can provide valuable information
about the total contribution of MnOx phases present in the
sample, but their spatial distribution, adjacent phases, and grain
size are not accessible. Such properties may influence the
extent of structural disorder, which is often also important for
catalysis. Thus, despite determining the ratios of MnOy phases
in the sample series, it is not possible to make a clear correlation
towards catalytic activity. The findings may still be tentatively
connected to MnOy properties that have been proposed as

being important for OER catalysis.

One of these properties is a variety of Mn-O bond lengths, which
are suggested to be important to high catalytic activity of MnOy
towards the OER.9 This is supported by the observation of
broad features in the region denoted ‘Z’ in the O K-edge spectra
herein (Figure 2), which are sensitive to electronic structure
changes correlated to the Mn-O bond lengths. This broadening
is most pronounced for the samples EO and B1, while the
composition of the most catalytically active samples (Al, EO,
and B1), appeared to be very sensitive to the pH as they were
deposited closest to neutral conditions. As such, it may be
speculated that local fluctuations in the pH during deposition
could lead to a greater number of structural distortions.

Recent studies showed that disturbance of a birnessite structure
by doping it with other 3d transition metals can enhance the
catalytic activity of the material.®*3 Such a structural
disturbance might also be reached by a judicious choice of the
parameters in the electrodeposition process. However,
examination of the spatial phase distribution and/or structural
distortions is beyond the capabilities of the specific experimental
technique used herein — consequently suggesting a promising
area for future study.

Conclusion

MnOy films were electrodeposited from Mn(ll) acetate in
ethylamonium nitrate at 120 °C with different pH. Samples
prepared under these conditions were previously shown to have
differing electrocatalytic activity towards water oxidation. Herein,
soft X-ray absorption spectroscopy has been performed at the
Mn L, 3-edges and the O K-edge aiming to identify the sample
compositions and relate those to the previously observed
changes in the catalytic activity. The analysis of the absorption
spectra revealed an increase of the mean Mn oxidation state
correlated with electrodeposition at lower pH. The samples are
comprised of three groups, those deposited under acidic, near
neutral and basic conditions, with each group showing a
distinctive spectral fingerprint. However, the samples with the



highest catalytic activity from the acidic and the basic group, viz.
Al and B1, exhibited slight differences in spectral shape
compared to the other two samples of their respective groups.
Linear combination fitting of reference spectra reveals samples
from both groups contain significant amounts of Mn3O4, but the
samples from acidic deposition are predominately birnessite,
while the samples from basic deposition are largely Mn,Os. The
sample previously described as the most catalytically active
(E0), was largely comprised of Mn,Os; and birnessite with
minimal Mn3O4. No direct correlation of a specific phase with
high catalytic activity is possible. While those results revealed
no specific MnOy phase dominating the catalytically more active
samples, the phase composition of the three most active
samples appeared to be most sensitive to a pH variation.
These findings indicate that the presence of a single active
phase does not cause the enhanced catalytic activity, but that
other effects might play an important role, such as: structural
disorder and distortions, the interplay of different phases, or the
lack of phases inhibiting the catalytic reaction.

Moreover, herein it is demonstrated that the ratio of the
contributing phases can be tuned by a careful choice of
preparation conditions. For future catalyst (electro)synthesis
these findings can be utilised to prepare structural phases in
desired ratios to enhance and study the activity of MnOy water

oxidation catalysts.
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