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A B S T R A C T

A method to reduce noble metal content in oxygen-evolving electrocatalysts suitable to work in acidic media is
presented. TiO2-RuO2 anodes can be promoted by Mn, resulting in increased activity and stability. The most
active composition displayed an overpotential of 386mV at a current density of 10mA cm–2, and a Tafel slope of
50mV dec–1. This anode only included 17 at% Ru out of the total amount of metals included in the film. We
investigated the influence of Mn addition to TiO2-RuO2 on the structure, morphology, and surface area, and
related differences to catalytic activity and stability. We found that increased porosity of the anode film by Mn
addition and Mn inclusion in the TiO2-RuO2 lattice can explain the enhanced catalytic activity. A detailed
characterization of fresh and used anodes provided insight into structural modifications induced by electro-
chemical treatment.

1. Introduction

Concerns about CO2 emissions associated with burning fossil fuels to
cover the ever-increasing global energy demand require breakthroughs
in renewable energy solutions [1]. Clean energy from wind turbines and
solar photovoltaics will increasingly contribute to the global energy
supply. As these sources are highly variable and cannot be predicted
well, there is a growing need to store electricity for successive use.
Among the available energy carriers, hydrogen has attracted a lot of
interest because of its high gravimetric energy density and the possi-
bility to use it as a fuel in electrochemical cells with important appli-
cations for transportation and stationary power generation.

As the direct conversion of sunlight into hydrogen is still limited by
the relatively low efficiency and stability of photoelectrochemical de-
vices or photocatalysts [2–4], a promising alternative is to use elec-
trolysis of water to convert (clean) electricity into chemical energy [5].
In a water electrolyzer, water is split into hydrogen and oxygen. Of the
two half-reactions, the oxygen evolution reaction (OER), which takes
place at the anode, is considered a bottleneck because of its slow ki-
netics due to the involvement of four protons and four electrons in the
reaction mechanism [6,7]. Anodic overpotentials are usually around
three times higher than the overpotentials at the cathode, where the
relatively simple and fast hydrogen evolution reaction (HER) takes
place [8]. The development of active and stable catalysts for anodic
OER is crucial in order to improve the efficiency of the whole water

splitting process. In the case of alkaline electrolysis, first-row transition
metals, and particularly their oxides and oxyhydroxides, are promising
OER electrocatalysts [9–11]. The use of Ni [12–16], Co [17–21], and
Mn [22–26] has been investigated in depth, and the preparation and
development of such electrocatalysts has been optimized so well that in
some cases their performance is even better than that of IrO2 and RuO2

in alkaline environment [8,27–29].
However, in acidic media, relevant primarily to Proton Exchange

Membrane (PEM) electrolyzers [30,31], the activity and stability of 3d
metal oxides/oxyhydroxides are insufficient for large-scale applica-
tions. In these cases, only the rutile oxides IrO2 and RuO2 display suf-
ficient stability, in particular when they are mixed with (rutile) TiO2,
acting as a stabilizer. These so-called Dimensionally Stable Anodes
(DSA®) are employed for the large-scale electrochemical production of
chlorine (chlor-alkali process) and oxygen [32–34]. However, in a hy-
drogen economy, it would be desirable to have anodes with the same
performance but at a lower cost. Many strategies have been applied to
reduce the noble metal content in the composition of DSAs®. The fab-
rication of IrO2 and RuO2 nanoparticles has been investigated as it al-
lows for exposure of a larger number of active sites to the electrolyte
while keeping the amount of active phase constant [35–39]. Another
promising option is to add first-row transition metals in the composition
of the electrodes. Ni [40,41], Co [42], Fe [43], and Zn [44] have been
used in most of the cases as dopants for RuO2. Typically, only small
amounts of these elements are added to iso-structurally replace Ru
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atoms in the rutile lattice of RuO2. In the case of manganese, instead,
mixed ruthenium and manganese oxides have been shown to be active
and stable electrocatalysts for the oxygen evolution reaction in alkaline
media [45,46]. Only in a few studies, the effect of Mn addition on the
performance of DSA®-type electrodes in the acidic OER has been re-
ported [47–49], but a comprehensive structural and electrochemical
characterization is needed to understand the reasons behind the activity
and stability changes. In the present work, we addressed this issue by
studying the influence of manganese on mixed Ti-Ru oxide electrodes in
acidic water oxidation, establishing composition and activity trends.
We emphasize the impact of manganese on the structure and the cat-
alytic performance of TiO2-RuO2 anodes.

2. Experimental

2.1. Preparation of mixed TiO2-RuO2 electrodes

The preparation of TiO2-RuO2 anodes was carried out according to a
procedure reported elsewhere [50]. Briefly, titanium tetraisopropoxide
(Sigma-Aldrich, 97%) and ruthenium(III) chloride hydrate (Sigma-Al-
drich, ruthenium content 38% minimum) were used as precursors. Ti to
Ru atomic ratio was kept close to the composition of industrial DSA®
anodes (70:30). 2,4-pentanedione (Alfa Aesar, 99%), a chelating agent,
was added to the solution (2.5 mmol/mmolTi+Ru) in order to prevent a
fast hydrolysis of the precursors. The concentration of the precursor
salts was then adjusted to 1M by dilution with a 2:1 by volume ethanol/
water mixture. The resulting solution was then stirred overnight prior
to deposition.

Titanium foil (Advent, purity 99.6+ %, thickness 0.25mm) was
used as a substrate. Before deposition, the Ti foils were washed in
acetone and sonicated for 15min and, finally, rinsed with ethanol and
deionized water. The solution was deposited on the cleaned Ti sub-
strates by using a spin coater (SPS-Europe). Spin coating was performed
at 4000 rpm for 15 s. The deposition area was limited to 1 cm2. As-
prepared anodes were dried in air at 80 °C for 10min and calcined at
500 °C in static air for 2 h.

2.2. Mn incorporation

In order to investigate the effect of Mn addition on the electro-
catalytic performance of the DSA® anodes, manganese chloride tetra-
hydrate (Sigma-Aldrich, ACS reagent ≥ 98%) was added to the pre-
viously described 1M solution of the Ti-Ru precursor. The
concentration of Mn2+ was chosen to be either 0.1, 0.5, 0.8, or 1.5mol/
L. Further preparation of Mn-containing anodes was done in the same
manner as described above. The composition of the precursor solutions,
the atomic composition of the as-prepared anodes, and sample names
are summarized in Table 1.

2.3. Characterization of MnOx-TiO2-RuO2 electrodes

X-ray diffraction (XRD) patterns were obtained using a Bruker D2

Phaser diffractometer equipped with a Cu Kα radiation source. The
diffractograms were recorded with a step size of 0.02° and an acquisi-
tion time of 1 s, in the 2θ range of 10° to 70°.

Field-emission scanning electron micrographs (FESEM) were taken
using an FEI Quanta 3D FEG microscope at an accelerating voltage of
5 kV without additional coating of the surface.

Energy dispersive X-Ray (EDX) spectrometry was performed in a
Phenom Pro-X microscope with an accelerating voltage of 15 kV.

X-ray photoelectron spectroscopy (XPS) measurements were carried
out on a K-Alpha XPS spectrometer (Thermo Scientific) equipped with a
monochromatic Al Kα (1486.6 eV) X-ray source. The spot size was
400 μm and the pass energy was set at 200 eV and 50 eV for survey and
region scans, respectively. Spectra were calibrated by setting the
binding energy of the RuO2 (Ru 3d5/2) component equal to 280.6 eV
[51]. Fitting of the XPS spectra was performed using CasaXPS software.

XPS depth profiles were recorded on the same spectrometer by Ar+

ion sputtering (3 kV, high-current). The duration of the sputtering steps
was 4min and XPS spectra were taken after each sputtering cycle. The
depth profiles of each element were normalized to the highest intensity.
In-plane and out-of-plane homogeneity of the samples was checked by
XPS mapping and XPS depth profiling, respectively (see ESI). Ru 3d, Mn
2p, and Ti 3p regions were used to determine the content of RuO2,
MnOx, and Ti0, respectively. Due to the high reducibility of RuO2 under
ion sputtering conditions, no deconvolution of the Ru 3d region was
performed and the area of the entire region was used to construct a
profile. Profiles of MnOx were constructed in the same way. The Ti 3p
region was used instead of the Ti 2p region due to the overlap of the
latter with Ru 3p peaks. The Ti0 peaks (binding energy, BE ≈32.9 eV)
were used to track the location of the titanium substrate.

2.4. Electrochemical characterization

Electrochemical measurements were carried out in a standard three-
electrode cell at room temperature with an Autolab PGSTAT302N po-
tentiostat (Metrohm Autolab B.V.). Ti-supported films with a geometric
area of 1 cm2 were used as working electrodes (WE). Anodic currents of
the bare Ti foil were found to be negligible in the range of the applied
potentials (Fig. S1a, b), making it unnecessary to mask the back of the
working electrodes. A platinum foil (area: 5 cm2) was used as a counter
electrode and an Ag/AgCl electrode (Radiometer Analytical, ERE =
+0.24 V) was used as a reference electrode, if not mentioned other-
wise. 0.1 M H2SO4 (H2SO4 Sigma Aldrich, 99.999%) was used as elec-
trolyte in all the tests. Milli-Q water (18.2MΩ cm) was used in all the
cleaning and dilution steps. All potentials are iR-corrected and reported
versus the Reversible Hydrogen Electrode (RHE). Current densities are
normalized using the geometric areas, if not mentioned otherwise.

The catalytic activity was evaluated by linear sweep voltammetry
(LSV) recorded with a scan rate of 0.5mV s−1 in the anodic direction.
The values of overpotential at current densities of 1 and 10mA cm–2

were used to compare the activity of the catalysts. Overpotentials (η)
were calculated using the following equation:

ƞOER = Vmeas + VAg/AgCl + 0.059 pH – E0OER (1)

where Vmeas is the measured potential, VAg/AgCl is the potential of the
reference electrode, and E0OER = +1.23 V is the standard electrode
potential for the Oxygen Evolution Reaction. The as-recorded voltam-
mograms were used to construct Tafel plots, where we evaluated the
Tafel slopes (with an error± 1mV dec–1).

Chronopotentiometry (CP) at a constant current density of 1mA
cm−2 and duration of 6 h was employed to assess the stability of the
catalysts. The solutions were stirred during the measurements to avoid
the accumulation of bubbles on the electrode surface.

Electrochemical impedance spectroscopy (EIS) was carried out in a
frequency range of 10−1 to 105 Hz with an amplitude of 10mV at the
open circuit potential. The system was simulated with an Rs(RctCdl)

Table 1
Sample names, concentrations of the precursors in the starting solutions and
nominal atomic ratio of the metals.

Sample Intended loading Nominal metal composition

Ti(i-OPr)4,
mol/L

RuCl3,
mol/L

MnCl2,
mol/L

Ti, at% Ru, at% Mn,
at%

Mn00 0.7 0.3 0.0 70 30 0
Mn09 0.7 0.3 0.1 64 27 9
Mn33 0.7 0.3 0.5 47 20 33
Mn44 0.7 0.3 0.8 39 17 44
Mn60 0.7 0.3 1.5 28 12 60
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circuit using Nova 1.10 software, where Rs represents the electrolyte
resistance, Rct the charge transfer resistance, and Cdl the double layer
capacitance of the electrode The values of the Electrochemical Surface
Area (ECSA) were calculated from the ratio of the double layer capa-
citances with the specific capacitance. For the latter, we employed a
constant value of 35 μF cm−2 for all prepared electrodes, in accordance
with literature [8,27].

When current densities were normalized using the values of ECSA,
this is specifically mentioned reporting the values in “mA cm–2

ECSA” in
the manuscript.

Long-term electrochemical stability of the samples Mn00 and Mn44
was evaluated by chronoamperometry at E=+1.80 VRHE for 17 h. The
amounts of dissolved Ru, Ti and Mn were determined by ICP-OES
measurement of the spent electrolytes.

2.5. Characterization of spent electrolytes

The amount of Ru, Mn and Ti ions in the spent electrolytes was
determined by ICP analysis. Inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) was performed on a SPECTROBLUE EOP
spectrometer equipped with an axial plasma source (Ar). The following
emission lines were used: 240.3 nm and 267.9 nm (Ru), 257.6 nm and
259.4 nm (Mn), 334.9 nm and 336.1 nm (Ti).

2.6. Online electrochemical mass spectrometry (OLEMS) measurements

OLEMS measurements were carried out in a three-electrode EC glass
cell equipped with a Red Rod reference electrode (Radiometer
Analytical, ERE=+0.225 V) and a Pt plate counter electrode. The
working electrode slides with an average size of 0.5 cm2 were mounted
into a PEEK holder and contacted from the top by a gold wire enclosed
in a quartz tube. Ar-purged 0.1M H2SO4 (H2SO4 Sigma Aldrich, 99.999
%) was used as electrolyte. The temperature of the cell was maintained
at 25 °C by a thermostat. EC treatment was performed using an Ivium
Compactstat potentiostat (Ivium Technologies). OLEMS measurements
were conducted on a quadrupole mass spectrometer (Balzers Quadstar,
Prisma QME 200) at an operating pressure of approximately 4·10−7

mbar. The OLEMS tip was equipped with a porous PTFE plug with a
probing area of 0.79mm2. The tip was approached to the surface of the
working electrode at a distance of ca. 20 μm by a micrometer screw
with the help of a video microscope. The working electrode (WE)-tip
distance was optimized for the highest intensity of the O2

+ ion current
(m/z=32) measured during the OER. A more detailed description of
the utilized OLEMS setup is given elsewhere [52,53].

Faraday plots [52,53] (i.e. gas production vs. faradaic charge) were
constructed by plotting integrated ion currents of relevant ions (pro-
portional to the amount of evolved gases) versus anodic charge supplied
in the form of potential pulses (step size: 10mV). Ion currents of m/
z=32 (O2

+) and m/z=34 (H2O2
+) were continuously recorded

throughout the experiments. Potential pulses were separated by resting
periods (open circuit, j=0mA cm–2), necessary to achieve temporal
separation of individual OLEMS peaks.

3. Results and discussion

3.1. Structural characterization of fresh electrodes

The influence of Mn addition on the phase composition of the
electrodes was evaluated by XRD (Fig. 1). The reflections of the Ti
substrate remain visible in all XRD patterns. Sample Mn00 contains a
single rutile phase, demonstrating that a solid solution of TiO2 and
RuO2 was formed [50,54]. Upon addition of Mn, a gradual shift of the
rutile peaks towards higher diffraction angles is seen, which can be
explained by a contraction of the unit cell. This change is due to the
incorporation of Mn (IV) in the solid TiO2-RuO2 solution [49]. The ionic
radii of Mn (IV), Ti(IV) and Ru(IV) are 67 pm, 74.5 pm, and 76 pm,

respectively. As the differences in ionic radii among the elements are
less than 15%, we can expect that Mn can easily enter into the solid
solution of TiO2-RuO2. For Mn09 and Mn33 with a low Mn content, no
diffraction patterns characteristic of Mn-oxides could be observed. This
does not exclude the presence of very small domains of Mn-oxides or
amorphous Mn-oxides. Samples with a higher Mn content (Mn44 and
Mn60) exhibit diffraction peaks of Mn3O4 and Mn2O3. Thus, part of the
Mn has segregated into separate Mn-oxide phases. The XRD patterns
also show that a Mn content of the film higher than 9 at% results in a
decrease of the rutile peak intensities, suggesting that the film becomes
increasingly disordered due to the presence of Mn, as previously re-
ported for RuO2 – MnOx electrodes [45].

The oxidation state of manganese was investigated by XPS. As Mn
2p region of mixed MnOx compounds is composed of broad overlapping
features with nearly similar BE (binding energy) values due to the
multiplet splitting of Mn 2p (e.g. Mn(II) – 641.4 eV, Mn(III) – 641.4 eV,
Mn(IV) – 641.8 eV) [55], we focused on Mn 3s spectra to determine the
chemical composition and oxidation state of Mn in the samples (Fig.
S2a). The Mn 3s peak is split due to exchange coupling between the 3s
hole and the 3d electrons of Mn [56]. For the interpretation of these
spectra, we followed the relevant literature [24,56–59]. The observed
splitting values for samples Mn33, Mn44, and Mn60 range from 5.22 to
5.40 eV (Table S1), typical for Mn (II) and Mn (III) [56–58]. This is in
keeping with the presence of Mn3O4 and Mn2O3 derived by XRD pat-
terns of these samples.

The lower splitting for sample Mn09 (5.05 eV) indicates an overall
increase in the oxidation state of Mn, which can be attributed to the
additional presence of Mn in higher oxidation state (Mn (IV), splitting
value 4.5 eV). This result is consistent with the insertion of part of the
Mn in the TiO2 – RuO2 solid solution as Mn (IV), as discussed above.

For two selected samples, Mn00 and Mn44, survey spectra and fitted
Ru 3d spectra are reported (Fig. 2a, b). The analysis of the Ru 3d spectra
of Mn00 and Mn44 samples, done in accordance with the model pro-
posed by Morgan [51], shows that Ru is present in form of RuO2 (BE
Ru3d5/2= 280.6 ± 0.2 eV). Apart from the two RuO2 main peaks (Ru
3d5/2 and Ru 3d Ru 3d3/2), we can also see two characteristic features
(BE Ru3d5/2 sat. ≈282.5 eV) which can be ascribed to RuO2 satellite
peaks. The asymmetry of the RuO2 lines is due to its metallic conductive
nature. The absence of Cl-related peaks in Ru 3d (RuCl3∙xH2O, BE Ru
3d5/2= 282.2 eV) and survey spectra (BE Cl 2p ≈ 200 eV) indicates
that the Ru and Mn precursors were completely converted into oxides.
Survey spectra show that the samples contain Ti, Ru, O, C and Mn (the
latter only for Mn44), with no other elements present in detectable
amounts. The presence of adventitious carbon (visible in the Ru 3d

Fig. 1. X-ray diffractograms of the mixed TiO2-RuO2 samples. Dashed lines
indicate the rutile peaks of the solid solution formed by TiO2 (JCPDS#21-1276)
and RuO2 (JCPDS#40-1290). [*] Mn3O4 (JCPDS#24-0734), [+] Mn2O3

(JCPDS#41-1442) peaks.
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spectra) can be explained by the fact that the samples were handled in
air [60]. The metal content at the surface of samples Mn00 and Mn44
are reported in Table S2. Mn00 shows the same Ti:Ru ratio at the
surface as the nominal composition of the sample. For Mn44, an en-
richment of Mn is observed, which suggests that the Mn-oxides present
in this sample tend to segregate toward the surface of the electrode.

The effect of Mn addition on the morphology of the anodes was
investigated by means of Field-Emission Scanning Electron Microscopy
(FESEM). The images at low magnification (Fig. S3) give an idea of how
manganese modifies the surface morphology. In Fig. 3, micrographs
acquired both in SE (secondary electrons) and BSE (backscattered sec-
ondary electrons) are reported for all the investigated samples. TiO2-
RuO2 anodes exhibit a mud-cracked morphology (Fig. S3a), well-known
for this kind of materials [45,54,61,62] and ascribed to the tensile stress
induced by the applied thermal treatment [54,62]. Indeed, Mn00 and
Mn09 (Figs. S3a, b and 3 a,b) show a similar morphology, with a lower
degree of roughness and fewer fractures on the outermost layer. In
Mn09, a slight increase of the roughness can be seen compared to
Mn00. By taking advantage of the compositional contrast arising from
the BSE, it is possible to get an impression of the ruthenium dispersion
(i.e., Ru has a higher atomic number than both Ti and Mn). Ruthenium-
rich particles are observed both on the plain surface and in the cracks of
the electrode (Fig. 3f, g). This is in agreement with EDX elemental
mapping of the sample Mn00 (Fig. S4); for this reason, all other samples
are discussed referring to micrographs acquired using the BSE detector.

The sample morphology drastically changes when the Mn content is
further increased (Mn33, Mn44, and Mn60): the structures become
rougher and more porous (Fig. S3c, d, e). In sample Mn33, some porous

areas with smaller and more irregular cracks than observed for Mn00
and Mn09 are interconnected by a three-dimensional network of
“sunflower”-like structures (Fig. 3c). By looking at the compositional
contrast (Fig. 3h), the sample appears quite homogeneous and Ru-rich
particles disappear. This suggests that the cracks observed for the first
two samples, Mn00 and Mn09, are mainly due to the crystalline growth
and slight segregation of RuO2 particles. This effect is not observed for
Mn33 sample, partially because of the reduced loading of ruthenium. A
similar effect is found for samples Mn44 and Mn60 (Fig. 3d,e): in these
two samples, the porous surface of the electrodes presents some craters.
Sample Mn60 also exhibits deep fractures of the film and a homo-
geneous Ru dispersion (Fig. 3i,j), with a slight enrichment in Ru mainly
in the rims of the circular craters.

The porous structure of samples Mn33, Mn44, Mn60, with bubble-
like features, is most likely due to differences in surface tension of the
Mn-containing solution, a parameter that is well known to influence the
morphology of the final material in DSA® anodes by changing the rate
of evaporation [34]. The addition of Mn chloride can alter the surface
tension of the solution, promoting the formation of bubbles due to re-
leased gases during precursor decomposition.

3.2. Electrochemical characterization

The catalytic activity was assessed by linear sweep voltammetry
(LSV) at a scan rate of 0.5mV s−1 (Fig. 4a). This low scan rate was
chosen to minimize the amount of current generated by the capacitive
effect and in order to obtain the corresponding Tafel plots reported in
Fig. 4b. The bare titanium substrate exhibits negligible current densities
in all potential ranges applied in this work (Fig. S1a, b), and thus its
contribution to the catalytic activity for OER can be ignored.

The addition of manganese led to a significant cathodic shift of the
voltammograms. Already the sample with the lowest Mn content
(Mn09) showed a significant increase in the recorded current density
compared to the Mn-free sample (Fig. 4 and Table 2). This sample is
also more active than a pure RuO2 sample prepared with the same
method. For samples Mn33, Mn44, and Mn60, a further increase of the
catalytic activity is observed. Before, it has been shown that the in-
clusion of Mn in the RuO2 lattice enhanced the catalytic activity of
RuxMn1-xO2 anodes in water oxidation under acidic conditions and the
synergy was most pronounced for x= 0.30 [49]. We demonstrate in
this work that Mn also promotes the electrocatalytic performance of
TiO2-RuO2 mixed anodes. Even though at higher content Mn addition
leads to segregation of Mn-oxides, this is not detrimental to the sy-
nergistic effect between Mn and these dimensionally stabilized TiO2-
RuO2 anodes.

To confirm that the increased activity is due to a synergistic effect
between Mn and Ru and not to Mn itself, we evaluated the activity of a
Ru-free sample prepared from a solution containing 70% titanium and
30% manganese precursors (Ti0.7Mn0.3). This sample showed negli-
gible current densities compared to those recorded for Ru-containing
samples (Figure S5).

The performance of the electrodes was evaluated from the over-
potential (η) required to reach a current density of 1mA cm–2 or 10mA
cm–2. Clearly, η was significantly lowered, nearly proportionally with
the Mn loading (Table 2 and Fig. 5). The lowest overpotential at j
=10mA cm–2 is observed for the Mn44 electrode (η=386mV). Its
overpotential (386mV) is only 26mV higher than the overpotential
reported for a thin film of pure RuO2 in 0.05M H2SO4 [63], and 46mV
higher than the value reported for an IrOx catalyst in 1M H2SO4 [8]. We
stress the promising performance of sample Mn44 prepared in a simple
procedure, whose activity is comparable to that of pure ruthenium- or
iridium-based systems. The benefit of our composition is that the noble
metal content is considerably lower. We highlight that this sample,
containing only 17 at% Ru, reaches the target of activity designated to
highly promising catalysts (η10 < 400mV) in an acidic electrolyte
[64].

1200 1000 800 600 400 200 0
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Fig. 2. a) Survey and b) Ru 3d XPS spectra of samples Mn00 and Mn44. Grey
components in the Ru 3d region are related to C 1s peaks.
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We also determined Tafel slopes for the different samples. Tafel
slopes for Mn09 and Mn33 are only slightly higher (44–56mV dec–1)
than for Mn00. Only sample Mn60 exhibited a slope higher than 60mV
dec–1. Mn44 exhibited a Tafel slope of 50mV dec–1, close to the value
determined for Mn00 (44mV dec–1). The changes in the Tafel slopes are
indicative of different reaction mechanisms. While Tafel slopes of about
40mV dec–1 are typical for a second electron transfer being the rate-
determining step of the reaction, values of about 60mV dec–1 indicate
that a chemical step is taking place before the OER [65]. For the sample
Mn60, we speculate that electro-oxidation of Mn2+ as a chemical step
prior to oxygen evolution, as already identified as the rate-determining
step in pure MnOx-catalyzed water oxidation at pH < 8 [25].

The value of the Tafel slope of sample Mn44 of 50mV dec–1 is in line
with values reported for Ru-based OER catalysts, i.e. in the 30–60mV
dec–1 range [66,67], and lower than the Tafel slopes reported for Ir-
based catalysts (typically 55–65mV dec–1 range) [68,69].

As the very different morphologies of the films can influence the
current densities exposing more active sites, we also determined the
electrochemical surface area (ECSA). Higher surface areas contribute to
higher the observed current densities [70]; it is therefore relevant to
normalize the results based on the ECSA to gain insights into the in-
trinsic activity. The normalization with the geometric area only does
not allow to distinguish whether an activity change is caused by ex-
trinsic (different surface areas) or intrinsic factors (“real” electro-
catalysis). The ECSA was evaluated from the ratio between the double-
layer capacitance obtained by EIS and the specific capacitance of metal
oxides in acidic electrolytes (35 μF cm−2), following the approach de-
scribed by McCrory et al. [27] We refer to their work for the

explanation of the assumptions and accuracy of the method [27]. As
follows from Table 2, the ECSA substantially increases when the Mn
content is raised. The effect on the ECSA is most pronounced when the
Mn content is increased from 0 to 33 at%. The nearly one order of
magnitude increase shows a strong textural influence of Mn on the
catalytic performance. The ECSA differences are in qualitative agree-
ment with the FESEM images.

However, even after normalization of the Tafel plots with the values
of the ECSA instead of the geometric areas (Fig. 4c), we can still observe
a shift of the curves towards higher current densities. In particular, the
trend in the low overpotential region is similar to the trend observed for
the current densities normalized with the geometric area, where the
catalytic activity increases with the Mn content. This finding shows that
a higher content also affects the intrinsic activity of the anodes. In the
high overpotential region, the sample with the highest intrinsic activity

Fig. 3. Electron micrographs acquired in normal detection mode using secondary electrons (top) and back-scattered electron (BSE) mode (bottom) of samples: a, f)
Mn00; b, g) Mn09; c, h) Mn33; d, i) Mn44; e, j) Mn60. Scale bars are 2 μm.

Fig. 4. a) Linear sweep voltammetries and b) corresponding Tafel plots of the anodes recorded in 0.1M H2SO4. Linear Tafel regions are indicated by dashed lines. c)
Tafel plots of the electrodes normalized with ECSA.

Table 2
Summary of overpotentials at 1 and 10mA cm−2geo (η1, η10), Tafel slopes,
ECSA values, and specific current densities at an overpotential of 300mV
normalized with ECSA (jspec, η=300mV).

Sample ID η1,
mV

η10,
mV

Tafel slope,
mV dec–1

ECSA,
cm2

jspec, η=300 mV,
μA cm–2

ECSA

Mn00 404 609 44 54 1.31
Mn09 338 448 50 180 1.65
Mn33 290 416 56 497 2.78
Mn44 273 386 50 594 3.85
Mn60 268 402 61 669 3.51
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is Mn09. This may find its origin in the mass transport limitations for
the samples Mn33, Mn44 and Mn60 by vigorous oxygen bubble for-
mation at the surface.

In Table 2 we evaluated the specific current densities normalized
with the values of ECSA for all the samples at a fixed overpotential of
300mV. The results show an increase of the specific activity upon Mn
addition up to sample Mn44, which displayed the best performance.
The recorded specific current density for sample Mn44
(3.85 μA cm–2

ECSA) is substantially higher compared to Mn00
(1.31 μA cm–2

ECSA). A further increase in Mn content did not yield to a
further increase in the specific activity.

To the best of our knowledge, no ECSA-normalized results of the
catalytic performances of similar systems (i.e., RuO2 –MnOx) have been
previously reported. Thus, our findings show that, in addition to the
positive influence of manganese on the dispersion of Ru, there is also a
qualitative influence of the Mn promoter on the Ru active sites. The
activity enhancement can be due to the presence of defects in the rutile
structure resulting from Mn insertion into the TiO2-RuO2 solid solution,
as observed by XRD. The presence of disordered surface structures can
lead to increased OER performance, because the higher density of un-
saturated sites enhances reactant adsorption and the higher structural
flexibility of the active sites stabilizes the formation of intermediates.
This is for instance observed for RuO2, the amorphous form exhibiting a
higher OER activity than its crystalline counterpart [71]. The enhanced
activity of catalysts with a high number of oxygen vacancies finds
origin in the participation of lattice oxygen atoms in the oxygen evo-
lution, which is also the reason of the higher dissolution rates usually
recorded for these materials [72].

The stability of the catalysts was evaluated by chronopotentiometry
(CP) conducted for 6 h in 0.1M H2SO4 at a current density of 1mA
cm–2. The addition of Mn not only results in increased electrocatalytic
activity but also in improved stability (Fig. 6). This improved stability is
already evident at a Mn content of 9 at%. The overpotential remains
nearly constant during the CP measurement, in contrast to sample
Mn00. Sample Mn33 shows an increase in the overpotential during
time, yet still exhibiting lower values at the end of the test compared to
the samples with a lower Mn content. We ascribe the increase of
overpotential for this sample to its three-dimensional porous structure,
which is substantially altered during the electrochemical treatment, as
will be shown below. Sample Mn44 is not only the most active sample
but also displays the highest stability, i.e. the overpotential remains
below 300mV after 6 h. A similar value was recorded for the sample
with the highest Mn content (Mn60).

3.3. Effect of electrochemical treatment on the electrodes

The influence of a prolonged electrochemical treatment on the
electrode morphology was analyzed by means of FESEM. Micrographs
of the anodes at high magnification are reported for all the samples in
Fig. 7 (micrographs at low magnification in Fig. S3). The morphology of
samples with no Mn or a low Mn content (Mn00 and Mn09) does not
substantially change upon electrochemical treatment (Fig. S3f, g, and
Fig. 7a, b, f, g). Mostly, a flattening of the surface and a reduced number
of cracks are noticed. A severe morphology change is visible for sample
Mn33, which can explain the substantial change in performance during
the treatment. The ordered and porous structure characterizing the
fresh sample Mn33 is unstable under OER conditions, as it is converted
and replaced by a disordered and rougher structure (Figs. S3 h and 7 c,
h) after the electrochemical treatment. The samples with a high Mn
content (Mn44 and Mn60) maintain a morphology with craters (Figs.
S3i,j and 7 d, e) with a homogenous dispersion of the elements (Fig. 7i,
j).

X-ray diffractograms of the tested samples (Fig. S6) show for all the
samples a decrease in peak intensities, which is an evidence of a low-
ered crystallinity of the electrodes due to the electrochemical treat-
ment. The sharp peaks originating from the Mn-oxides observed in fresh
Mn44 and Mn60 samples are absent in the spectra of the used anodes.
Thus, the electrochemical treatment causes a substantial decrease in the
crystallinity and, possibly, leaching of Mn from the anode surface. As
the overpotential at the end of the stability tests remains lower for the
Mn samples from which crystalline Mn-oxides were removed, it is likely
that their higher catalytic activity originates from the inclusion of Mn in
the lattice of the mixed TiO2-RuO2 rutile phase and the porous structure
with a better Ru dispersion.

XPS results (Table S2) show that the Mn content of sample Mn44 at
the surface dramatically decreased from 71 at% in the fresh sample to
17 at% after electrochemical treatment. The peak splitting of the
samples with a higher Mn content decreased significantly (Fig. S2b,
Table S1). From the values for the used catalysts, we infer that the
remaining Mn is mainly present as Mn(IV) [56–58], likely as a sub-
stituent in the TiO2-RuO2 lattice. The Mn(II) and Mn(III) species present
in the fresh samples as segregated oxides were further oxidized during
electrochemical oxidation and eventually dissolved in the solution as
MnO4

− [73]. The aspect of stability is further investigated in the re-
mainder of this work. Based on the activity and stability results, we
selected sample Mn44 for these further investigations, because this
sample had the lowest overpotential at a current density of 10mA cm–2

during the LSV, the lowest overpotential at the end of the chron-
opotentiometry, lower Tafel slope compared to Mn60, and the highest

0

100

200

300

400

500

600

Mn33 Mn44Mn09 Mn60

 @ 1 mA cm-2

 @ 10 mA cm-2

Mn00

Fig. 5. Overpotentials of mixed TiO2-RuO2-MnOx anodes required to reach
current densities of 1mA cm–2 and 10mA cm–2 determined by LSV in a 0.1M
H2SO4 solution at 25 °C. Current densities are normalized on the geometric
areas of the electrodes.
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Fig. 6. Chronopotentiometries of mixed TiO2-RuO2-MnOx anodes recorded in
0.1M H2SO4 at a constant current density of 1mA cm–2.
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specific current density at an overpotential of 300mV.

3.4. Online electrochemical mass spectrometry (OLEMS)

In contrast to conventional electrochemical analysis, OLEMS pro-
vides semi-quantitative information on the gases evolving at the elec-
trode. A low detection limit and fast response enable instantaneous
detection of reaction products during dynamic electrochemical treat-
ment. We employed OLEMS to determine the OER onset potentials for
samples Mn00 and Mn44 by measuring the O2 signal as a function of
the applied potential (Fig. 8a, b). Surprisingly, the onset potentials of

the O2 production were nearly similar for these two samples, i.e.,
250 ± 10mV and 260 ± 10mV, respectively. Although this seems to
be in disagreement with the overpotentials reported in Table 2, we
suspect that, at this initial stage, a part of the charge is used to oxidize
Mn, as we will discuss below.

OLEMS can also be used for studying competitive reactions by
means of Faraday plots [52]. In Fig. S7 we report the three-dimensional
representations of the gas production versus potential applied and
charge for both the samples Mn00 and Mn44. The projections in two
dimensions of the gas productions versus the charge result in the
Faraday plots, reported in Fig. 8c, d.

Fig. 7. Electron micrographs acquired in normal detection mode using secondary electrons (top) and back-scattered electron (BSE) mode (bottom) of samples after
6 h of electrolysis at 1mA cm–2 in 0.1M H2SO4: a, f) Mn00; b, g) Mn09; c, h) Mn33; d, i) Mn44; e, j) Mn60. Scale bars are 2 μm.
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Faraday plots represent the potential dependence of the amount of
product formed per amount of supplied faradaic charge, in accordance
with the Faraday’s law of electrolysis. Linearity between the gas pro-
duction and faradaic charge is expected for systems where only a single
faradaic reaction occurs in the studied potential range. Deviations can
occur when more than one faradaic reaction is involved.

Fig. 8c shows a linear behavior of O2 production against faradaic
charge for sample Mn00, suggesting that the OER is the major elec-
trochemical reaction occurring at E=+1.50÷1.63 V. On the contrary,
a Faraday plot for sample Mn44 exhibits two distinct regions in
E1=+1.50÷1.54 V and E2 = +1.54÷1.63 V with different slopes
(Fig. 8d). The lower slope in region E1 compared to region E2 indicates
that part of the charge is used for another reaction than the OER.
Considering the Pourbaix diagram of Mn in water, [74] we surmise
that, at E1, part of the charge is consumed to oxidize Mn2+ and Mn3+ to
Mn(IV) and Mn(VII) in accordance with XPS analysis (Fig. S2 and Table
S1). The formation of MnO4

− leads to partial dissolution of Mn into the
electrolyte [25].

During the OLEMS experiment, we also monitored the signal of the
fragment m/z=34 (H2O2

+). At the highest potential applied in our
experiment (E=1.63 VRHE, i.e. ηOER=400mV), this signal accounted
for 0.4 ± 0.2% of the sum between O2

+ and H2O2
+ for both Mn00 and

Mn44. However, as the thermodynamic potential of the oxidation of
water to H2O2 is +1.77 VRHE, the formation of H2O2 has to be ascribed
to the recombination of molecular H2 and O2 present in the solution
[75].

3.5. Stability evaluation: XPS depth profiles and ICP-OES

To compare the stability of sample Mn44 with sample Mn00 under
more severe conditions, we subjected the two samples to a constant
electrolysis at E = +1.8 VRHE for 17 h. These tests aimed to provide
insights about the structural modifications occurring to the anodes
during prolonged electrolysis. The chronoamperograms (Fig. S8) show
a significant decrease of the current density for the sample Mn44 at the
beginning of the test. After this rapid decrease, the current density
stabilizes and even after 17 h the recorded current density remains
higher than for Mn00. To better understand the degradation process
occurring during long-term electrolysis, we performed XPS depth pro-
filing for fresh samples and those subjected to 3 h or 17 h electrolysis at
E = +1.8 VRHE.

XPS depth profiling analysis comprises cycles of high-energy ion
sputtering alternated with XPS measurements. The sputtering time is
proportional to the thickness of the layer removed during a sputtering
cycle. As a direct correlation between sputtering time and thickness can
only be obtained for systems with known sputtering constants, the
thickness of the analyzed sample is usually only given in terms of
sputtering times. Fig. 9 shows XPS depth profiles for Mn00 and Mn44
before and after electrolysis for 3 and 17 h (more data in Fig. S9). The
changes in the depth profiles were more pronounced for Mn44 than for
Mn00. For Mn44, leaching of Ru- and Mn-oxides is pronounced after 3 h
with only limited changes after further electrolysis. From this, we
conclude that the EC-induced dissolution of RuO2 occurs mostly at the
initial stage of electrolysis, in keeping with literature [76–78]. Mn
leaching is much more severe than Ru leaching, indicative of the lower
stability of the former in the film. The thickness of the films can be
semi-quantitatively evaluated from the sputtering times needed to re-
move Ru and obtain the pure Ti0 substrate signal. Clearly, this sput-
tering time is much longer for Mn44 (ts ≈3.5 h) than for Mn00 (ts
≈2 h), confirming that Mn addition increases the thickness of the film
by modifying its morphology.

We also measured the elemental composition of the used electro-
lytes by ICP-OES after 17 h electrolysis (Table 3).

The potential applied in the chronoamperometry is higher than the
thermodynamic potentials of Ru and Mn dissolution. Ru anodic dis-
solution involves the formation of RuO4 thorough the following

reaction:

RuO2 + 2H2O → RuO4 + 4H+ + 4e
−

(2)

The formation of RuO4 has a thermodynamic potential of 1.387
VSHE [36,79] and its onset is typically observed close to the OER onset
[80,81].

The dissolution of Mn2O3 and Mn3O4 in H2SO4 includes the for-
mation of an oxyhydroxide [82], which undergoes disproportionation
through the following reaction:

2MnOOH + 2H+ → MnO2 + Mn2+ + 2H2O (3)

At potentials higher than 1.7 VRHE, MnO2 is oxidized to MnO4
−

through the following reaction:

MnO2 + 2H2O → MnO4
−+ 4H+ + 3e

−

(4)

The amount of dissolved metals and the dissolution rates normal-
ized to the geometric surface area listed in Table 3 confirms that
leaching of Ru, Mn and Ti is more pronounced for Mn44 than for Mn00.
This higher dissolution rate can derive from the approximately one-
order of magnitude higher ECSA of Mn44 in comparison to Mn00. The
ruthenium dissolution rate for sample Mn44 (5.04 nmol cm–2 h–1), even
though higher than for sample Mn00, is lower than what previously
reported for pure RuO2 [63]. This implies that this novel anode com-
position presents an increased activity compared to standard DSA®, still
benefiting from the stabilizing effect of TiO2.

To take into account the different electrochemical surface areas
exposed, we normalized the dissolution rates to the ECSA. The resulting
data also given in Table 3 show that the surface-normalized Ru dis-
solution rate in Mn44 (0.008 nmol h–1 cm–2

ECSA) is two times lower than
in Mn00 (0.019 nmol h–1 cm–2

ECSA). However, as the Ru content in the
Mn00 is twice that in Mn44, we conclude that the dissolution rates are
nearly similar.

The Ti dissolution rate is higher for Mn44 than for Mn00, which is
most likely due to the more extensive exposure of the Ti substrate in the
more open Mn-containing film. Therefore, we infer from these data that
dissolution of Ru is mainly more severe in the porous film due to the
higher surface area and also that Mn does not influence the intrinsic
stability of the films.

The elemental analysis results obtained by ICP-OES can be used to
calculate the charge spent in metal dissolution processes by applying
Faraday’s law and to derive the Faradic efficiencies of these reactions.
Assuming that (2) and (4) are the oxidation reactions of ruthenium and
manganese in sample Mn44, the Faradaic efficiencies of the dissolution
of ruthenium and manganese are 0.007% and 0.025%. These extremely
low values, in combination with the low selectivity of H2O2 measured
by OLEMS (0.4 ± 0.2%), led us to conclude that OER is the main re-
action taking place at the anode.

4. Conclusions

In this work, we synthesized mixed TiO2-RuO2 electrodes for acidic
water electrolysis by a sol-gel method and investigated the influence of
Mn addition on the structure, morphology, activity, and stability of the
electrodes for the oxygen evolution reaction. The presence of Mn in the
preparation led to a more open structure of the mixed oxide film, evi-
dent from a strong increase of the electrochemical surface area. Surface-
area corrected current densities suggest that Mn inclusion in the film
results in a higher intrinsic electrochemical activity of the mixed oxide
compared to TiO2-RuO2. Detailed characterization shows that Mn is
predominantly inserted into the rutile phase, while the segregation of
Mn-oxides is evident at higher Mn content. The most active sample
contains 44 at% Mn and reaches an overpotential of 386mV at a cur-
rent density at 10mA cm–2, and proved to be stable during electrolysis
for 6 h. Its Tafel slope was 50mV dec–1, close to the value recorded for
Mn00 (44mV dec–1). This performance is high considering that the
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catalyst was obtained by a simple preparation method and the final film
only contained 17 at% Ru. The presence of Mn not only contributes to
boosting the electrochemical OER performance of TiO2-RuO2 but, at the
same time, drastically decreases the precious metal content and thus the
price of the anodes. As the segregated Mn-oxides are removed during
long-term electrolysis, it is reasonable to conclude that the synergistic
effect is due to the inclusion of Mn in mixed TiO2-RuO2 anodes.
Detailed analysis of the anode surface during long-term electrolysis
shows that Ru dissolution is higher in the more porous Mn-promoted
film than for the TiO2-RuO2 one. Normalization of dissolution rates
suggests that the intrinsic dissolution rate of Ru is independent of the
morphology and also does not depend on the presence of Mn.
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