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/Abstract: Cryptomelane (a-(K\MnO,) powders were synthe-
sized by different methods leading to only slight differences
in their bulk crystal structure and chemical composition,
while the BET surface area and the crystallite size differed
significantly. Their performance in the oxygen evolution re-
action (OER) covered a wide range and their sequence of in-
creasing activity differed when electrocatalysis in alkaline
electrolyte and chemical water oxidation using Ce** were
compared. The decisive factors that explain this difference
were identified in the catalysts’ microstructure. Chemical
water oxidation activity is substantially governed by the ex-
posed surface area, while the electrocatalytic activity is de-
termined largely by the electric conductivity, which was

found to correlate with the particle morphology in terms of
needle length and aspect ratio in this sample series. This cor-
relation is rather explained by an improved conductivity due
to longer needles than by structure sensitivity as was sup-
ported by reference experiments using H,O, decomposition
and carbon black as additive. The most active catalyst R-
cryptomelane reached a current density of 10 mAcm 2 at a
potential 1.73 V without, and at 1.71V in the presence of
carbon black. The improvement was significantly higher for
the catalyst with lower initial activity. However, the materials
showed a disappointing catalytic stability during alkaline
electrochemical OER, whereas the crystal structure was
found to be stable at working conditions. D
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Introduction

Manganese oxides receive considerable attention as potential
water oxidation catalysts and have been studied for the
oxygen evolution reaction (OER) electrochemically as well as in
presence of sacrificial oxidants." In comparison with other
transition metal oxides such as nickel or cobalt oxides, pure
manganese oxides or (oxy)hydroxides were commonly ob-
served to be less active OFR catalysts,'” but further work is mo-
tivated by the high abundance and low toxicity of manganese
compounds and/or inspired by the presence of manganese in
water oxidation cluster in nature’s photosystem Il. In compara-
tive studies, a large range of activities has been observed for
different manganese oxide catalysts. Aspects like oxidation
state of manganese,” crystal structure™ and lattice strain®™ or
abundance of certain structural motifs like p-oxo-bridges,” or
defective pseudo-cubane motifs,” coordinatively unsaturated
metal cations,® or oxygen vacancies,”” but also specific surface
area,'” or crystallinity and electric conductivity the oxide
phase or are discussed as decisive factors for the activity of
MnO, as water oxidation catalyst. However, it remains difficult
to judge on the relative importance of these individual factors
based on a comparison of literature reports as the relative ac-
tivity of different samples may depend for example not only
on electrode preparation and pre-conditioning”™ parameters
but also on the method used to measure OER activity as was
recently shown by Stahl and co-workers."!
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In this work, we have followed the powder approach to
study different samples of the same manganese oxide phase,
namely a-(K)MnO, known as cryptomelane, with two different
oxidation methods, electrocatalytic OER, as well as using tetra-
valent cerium ammonium nitrate (CAN) as chemical oxidizing
agent (CAN test). The CAN test is a well-established probe re-
action”? and was recently reviewed by Frey et al."™® Using this
approach, we can employ classical powder techniques such as
powder-XRD or nitrogen physisorption for comprehensive
characterization before applying the samples in water oxida-
tion. Correlation of this characterization data with kinetic data
enables identification of those materials properties that deter-
mine the catalytic activity in each type of OER catalysis, elec-
trocatalysis and CAN test. At the same time, we can exclude
phase-intrinsic factors like oxidation state, crystal phase or bulk
structural motifs, and electric conductivity as being responsible
for observed differences in catalytic activity as these are nomi-
nally the same for all samples. Hence, this approach allows
studying the effects of microstructural properties resulting
from their different preparation history.

When comparing different manganese oxides, cryptomelane
has been found by some groups but not all as a promising cat-
alyst." Cryptomelane crystallizes in the hollandite or a-MnO,
structure type. It consists of edge-sharing MnOg octahedra,
which form 2x2 tunnels with a spacing of the wall atoms of
4.8 A (Figure S1 in Supporting Information)."™ The average oxi-
dation state of the manganese is slightly below + 4, caused by
a mixed valence.*'® Usually, foreign cations are located in the
tunnels making these materials an interesting cation exchang-
er" The preferred tunnel cation of the hollandite-type MnO,
phases is potassium. The related mineral of the resulting K-hol-
landite a-(KIMnO, is called cryptomelane,"® a term that is used
in this work for our synthetic samples. Cryptomelane is of in-
terest as electrode in lithium batteries!'” or catalyst for the oxi-
dative degradation of volatile organic compounds.”® Several
methods for its synthesis were developed and reported. In the
following, only a few that are relevant for this work are named.
The treatment of a-Mn,O; (Bixbyite) with an acidic potassium
ions containing solution leads to a precipitation of cryptome-
lane.”" Golden et al. transformed 8-MnO, (Birnessite) to crypto-
melane by thermal treatment.”” Other well established routes
are based on the use of potassium permanganate as precursor,
such as refluxing,"®® hydrothermal treatment,”” or a solvent-
free calcination of a KMnO,/Mn?*-salt mixture.”” We have
made use of these five different literature-reported low-tem-
perature routes towards cryptomelane providing a sample
series with identical ideal structure, but different texture and
microstructure, which enable identification of the decisive ma-
terials properties that make cryptomelane an active OER cata-
lyst.

Results and Discussion

Five different variants of cryptomelane were synthesized by
different methods and labelled after their synthesis R- (reflux),
PHT- (precursor hydrothermal), HT- (hydrothermal), PC- (precur-
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sor calcination), and SS-cryptomelane (solid state). Full details
on the syntheses are given in the experimental section.

Catalytic performance

A comparative study of these five samples was conducted by
electrochemical OER after depositing the powders on a glassy
carbon electrode, and by chemical water oxidation using a sus-
pension of the powders in the CAN test. The results of the
electrocatalytic measurements in alkaline electrolyte (1 m KOH)
plotted in Figure 1 cover a wide range of OER activities and
show strong differences among the differently synthesized
cryptomelane samples. The most active catalyst R-cryptome-
lane reached a current density of about 30 mAcm™ at 1.8V, in
contrast to SS-cryptomelane which exhibited the lowest value
<5 mAcm™. The potential required to reach a current density
of 10 mAcm™2, which is often used as performance indicator
for OER, is 1.73+£0.02 V for R-cryptomelane and thus compara-
ble to values reported in the literature.!'¥ However, as
10 mAcm™ was not reached by all catalysts, the current densi-
ty at 1.8 V is used as performance indicator in this comparative
study.

Interestingly, if the five samples are tested in the CAN test
with Ce*™ as chemical oxidizing agent at pH=2, the observed
trend changes. Figure 2 shows the catalytic activities as initial
O, evolution rate. Again, strong differences between the five
samples are observed with the lowest value of only around
1 umolmin~" whereas the highest rate can be found at about
10 umolmin~". This best value in the CAN test was achieved
by the SS-cryptomelane, which showed the poorest activity in
electrochemical OER. The sample which exhibited the poorest
performance in the CAN test was HT-cryptomelane, which
showed an intermediate activity in electrocatalysis. In both
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Figure 1. OER activities of different cryptomelane catalysts as rotating disk
electrode voltammograms recorded in 1m KOH at 5 mVs™' scan rate and
1600 rpm rotation speed, and as current density at a voltage of 1.8 V (inset).
The error bars describe the standard deviation of five measurements for the
most active catalyst.
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Figure 2. Initial rate of oxygen evolution during chemical water oxidation
using Ce*" as chemical oxidizing agent (CAN test). The inset shows the
course of an experiment over 60 min for the example of HT-cryptomelane.
The initial rate was determined as the maximum of this curve. The error bars
were determined as described in the experimental section.

tests the samples catalyse the oxidation of water by either an
externally applied potential or by a redox potential as driving
forces. To understand the different order of the sample series
in the two tests, the samples were carefully characterized to
explain these two different observed trends.

Catalyst characterization

Firstly, to verify the phase identity, XRD patterns of each
sample were recorded (Figure 3, Figure S2). Powder XRD indi-
cates no other crystalline phases than the hollandite-type
structure of cryptomelane. It thus can be excluded that the
presence of different crystal phases or bulk structural motifs
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Figure 3. Graphical results of the Rietveld refinement of the powder diffrac-
tion data of the different cryptomelane samples (black symbols: experimen-
tal data points, red line: calculated intensities, blue line: difference between
experimental and calculated data, green tick marks: positions of Bragg
peaks).
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serves as explanation for the differences in catalytic per-
formance. However, differences are present in the peak pro-
files. The patterns of PHT-, HT- and PC-cryptomelane show very
discrete and sharp reflections, and those peaks with relatively
low intensity are also clearly detected. In contrast, the patterns
of the R- and SS-cryptomelane exhibit broad peaks with lower
intensity, but still clearly assignable to a-MnO,. The dissimilar
peak widths can be interpreted as differences in the micro-
structure such as crystallite size or strain effects or a varying
defect density in the crystal. The co-existence of broad and
narrow in some patterns, for example, R-cryptomelane, serves
as a first indication for anisotropic structural features in at least
some samples. Rietveld refinement of the powder diffraction
data leads to satisfying goodness factors (Table S1). Selected
structural data and results of the refinements are summarized
in Table 1.

To quantify the size effects, the global volume-weighted
mean column height (LVol-IB) was calculated. This value corre-
lates with the grain or crystallize size (although not necessarily
with the particle size) and thus inversely with the number of
grain boundaries and the peak width. The data in Table 1 show
that the synthesis method strongly affects the grain size of the
product. The LVol-IB value varies almost by an order of magni-
tude and ranges between 6 and 58 nm. The differences in the
lattice parameters of the cryptomelane samples on the other
hand are rather small. The value of the c-parameter was calcu-
lated to be approximately 2.85 A for all samples, whereas the
a/b parameter ranges between 9.80 and 9.83 A, which may in-
dicate variations in the widening of the 2x2 tunnels. However,
the patterns with broad reflections (R-, and SS-cryptomelane)
exhibit a higher uncertainty of the lattice parameters apparent
from the estimated standard deviations in Table 1 and are thus
difficult to interpret properly. The XRD patterns showed differ-
ences in the relative intensities of some reflections, which may
be explained by a preferred orientation of anisotropic crystalli-
tes. Indeed, the goodness-of-fit of the Rietveld refinement can
be further optimized by taking into account a preferred
growth along the <00/> direction and, consequently, a pre-
ferred orientation of crystallites with a needle-like shape (R-,
PHT, HT-cryptomelane). The growth direction of the needles is
the c-axis along the direction of the tunnels. This anisotropic
morphology is typical for cryptomelane, consistent with the

Table 1. Lattice parameters and crystallize sizes of the five different cryp-
tomelane samples obtained by Rietveld refinement. All samples crystal-
lized in the a-MnO, structure type (tetragonal, space group: /4/m) with 8
formula units in the unit cell.

Sample a=b[A] c[A] LVol-IB [nm]®
R-cryptomelane 9.83(8) 2.85(2) 9(6)
PHT-cryptomelane 9.819(6) 2.8554(17) 19(5)
HT-cryptomelane 9.8062(19) 2.8526(5) 48(9)
PC-cryptomelane 9.810(2) 2.8536(6) 58(15)
SS-cryptomelane 9.8(2) 2.85(6) 6(19)

[a] The crystallite size was calculated as volume-weighted mean column
height from the integral breadths of the diffraction peaks.
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observed anisotropic size broadening of hkl peaks with /=0, e B

and also observed in this study by SEM (Figure 5, see below).

For further structural characterization, Raman spectra of R-
and HT-cryptomelane were recorded representing the samples
with anisotropically broadened and relatively uniformly narrow
XRD peaks, respectively. The results are shown in Figure 4 and
Table S2. Both samples exhibit Raman peaks at positions previ-
ously reported for a-(K\MnO,® and confirm the result of the
XRD phase analysis with regard to the identical bulk structure
of both samples. The presence of the peaks at =580 and
~640 cm™' indicates a well-defined hollandite-type tetragonal
structure, and are caused by symmetric vibrations of the man-
ganese-oxygen bonds,®*9 while the low intensity bands
found between 280 and 520 cm™' rather originate from defor-
mation modes.”*” The intense peak centred at ~ 185 cm™"' dif-
ferentiates a-MnO, from other MnO, structures and can be as-
signed to translational motion of the MnO, octahedra.?*” The
weak peak at 759 cm™' was found in the case of R-cryptome-
lane at very low intensity, but it was not detected in the HT-
cryptomelane sample. According to the literature, it is related
to the antisymmetric Mn—O stretching vibrations.”**9

SEM images of the samples are shown in Figure 5. In agree-
ment with the XRD results, the morphology of R-, PHT- and
HT-cryptomelane can be clearly described as needle-like. PC-
and SS-cryptomelane samples give a first impression of a
sponge-like morphology, however, in a higher resolution also
elongated crystals or short needles can be seen. This shape
has been reported in many studies on this material with the
needles being orientated along the crystallographic c-axis.”® Table 2. Specific surface area, double layer capacitance, textural proper-
To quantify the morphologic properties, the average length ties and elemental composition of the five cryptomelane samples.

Figure 5. Scanning electron micrographs of the different cryptomelane sam-
ples.

and width of the particles in the SEM images were measured Suer C, L@ e Lw Chemical formulal®
to gain the average aspect ratio (Table 2). Depending on the Im?g'l [mFl [nm] [nm]

synthesis route, the particle size varied in a large range. The R o4 056 5844293 37414 16410 Ky MnO,.030H,0
mean needle lengths ranged between 40 and 580 nm and the PHT 45 0235 566+238 49417 1246  Ky;,MnO,:0.22H,0
mean needle widths between 60 and 20 nm, resulting in a var- HT 9 0.135 418+321 64434 7+6  K;;3Mn0,,,-0.01H,0

PC 39 011 114£39 43£14 341  KoysMnO,4,-0.14H,0

iation of the aspect ratio between 2 and 15. This variation is
SS 166 0.095 45415 2044 241  Kgy4oMnO,e5:0.57H,0

mainly caused by the needle length, rather than by changes in

the needle width. In general, the needle growth seems to ben- [a] Average needle length and [b] width as determined by SEM. The error
. . . . refers to the standard deviation due to the particle size distribution,
efit from wet synthesis conditions during the cryptomelane - ) - )
L X which exceed the uncertainty of the measurements. [c] Cationic composi-
crystallization step, whereas the lowest aspect ratios were tion derived from AAS. The oxygen content was obtained from the differ-
found for the dry syntheses of PC- and SS-cryptomelane. ence to 100% of the total elemental composition. An average manganese

oxidation state of +3.8 was assumed according to literature data™ to
discriminate between lattice oxygen and crystal water.

The thermogravimetric analysis revealed different amounts
of moisture in the samples, but otherwise the expected step-
wise decomposition into a-Mn,0;, 8-MnO, and Mn;O, upon
heating in air was observed. These results are displayed and
discussed in detail in the Supporting Information (Figure S3).

The BET surface areas of the examined cryptomelane sam-
ples were found to strongly depend on the synthesis route.
The results obtained by nitrogen physisorption are listed in
Table 2. The surface area ranged between 9 and 170 m*g ™" at
an estimated error of +£1 m?g~". The chemical composition re-
garding manganese and potassium was measured by atomic
Figure 4. Raman spectra of R- and HT-cryptomelane. absorption spectroscopy (AAS) at high precision. The K/Mn

R-Cryptomelane

HT-Cryptomelane

Intensity [a.u.]

200 300 400 500 600 700 800 900
Raman shift [cm™]
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parison revealed that the measured conductivity was highest
for R-cryptomelane, while it reached only one half and one
third for HT- and SS-cryptomelane, respectively. The double
layer capacitance (Cp), which is proportional to the electro-
chemically active surface area, was also determined for all cryp-
tomelane samples by cyclic voltammetry recorded in the non-
Faradaic potential region at different scan rates in 1m KOH so-
lution (Figure 6b, Table S3). Large differences were observed
with the highest values for R-, PHT- and HT-cryptomelane.

In summary, while the synthesis route did not influence the
bulk structure of cryptomelane as evidenced by Raman spec-
troscopy and XRD, the particle size and shape were significant-
ly affected. Differences were observed in the aspect ratio of
the needles, the BET surface area, the conductivity of the
powder pellets, and the electrochemically active surface area
of the catalyst layer as represented by the double layer capaci-
tance. The observed differences in composition regarding the
oxygen content are however correlated with the exposed sur-
face area and, thus, can be assigned to surface OH-groups
and/or adsorbed water.

Factors governing catalytic performance

The observed performance trend among the five catalysts was
different for electrochemical OER and for the CAN test suggest-
ing that different factors govern the oxygen evolution depend-
ing on the experimental driving force for water oxidation.
Thus, the measured trends in the materials properties de-
scribed above are now compared to the activity trends with
the aim to find correlations.

Chem. Eur. J. 2020, 26, 12256 - 12267 www.chemeurj.org
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ratio is only slightly influenced by the synthetic route and simi- 1.0
lar to previously reported data.”” The oxygen content is ob- 0.8 /
tained from the difference to 100% of the total elemental 0.6 S$S-Cryptomelane v
composition. The lattice bound oxygen is calculated by assum- g 0.4 ::Lf;:f;;’:f;::" r
ing an average manganese oxidation state of +3.8"¥ (+1 for % o] /
potassium). The remaining oxygen is attributed to H,O or OH- § b
groups. The so-determined moisture content correlates with % o z
the BET surface area of the samples indicating that the differ- 3,'0'2“ s
ences are likely due to surface-bound species. This is further £ 04 .
supported by thermogravimetric analysis (Figures S3, S4), > 0564 e
where the early mass loss detected between 50 and 300°C 0.8 4
was found to correlate with the BET surface area and the calcu- 4.0 il . .
lated water content. This suggests that differences in n of S0 e SR RENES i
MnO,:nH,0 in Table 2 can be explained with differences in the Applied current [A]
exposed surface area and the different amount of H,0 or OH
adsorbed there (Figure S4), while the bulk composition of all 35
cryptomelane samples is rather similar. &
The electric conductivity was measured for selected samples 5% +
using the four-point probe technique on cold-pressed pow- 225-
ders. The low stability of the pellets prevented measuring the & +
complete series of samples and reliable data were only ob- < 201 -
tained for R-, HT-, and SS-cryptomelane. The curves in Fig- 3)15_ ,_ll‘_. e Lo
ure 6a, whose slopes are inversely proportional to the electric g 1 ° PHT’ﬁyptme,ane
conductivity, show strong differences between the three cata- T 10+ A HT-Cryptomelane
lysts. The measurements were conducted without heat treat- § pe g?cfy’,‘,’:’;,‘,’,':,:'::"
ment of the pellets and the absolute values are likely affected 3 ¢
by grain boundary effects. However, a semi-quantitative com- 0 : : ; : :
0.0 0.1 02 03 0.4 0.5 0.6

CDL/ mF

Figure 6. Resistivity measurement of selected cryptomelane samples

(a) Double layer capacitance (Cp,) of the different cryptomelane samples de-
termined by cyclic voltammetry recorded in the non-Faradaic potential
region at scan rates of 0.01, 0.05, 0.1, 0.15 and 0.2 Vs~' (b) The charging cur-
rents measured at 1.32 V vs. RHE during both the anodic and the cathodic
scan were plotted as a function of the scan rate. The absolute value of the
slopes obtained from a linear fit are reported as C,,. All measurements were
carried out in 1M KOH solution.

In the CAN test, an obvious candidate for a strongly influ-
encing factor is the exposed surface area as determined by ni-
trogen physisorption with the BET method. Indeed, a clear and
almost linear correlation is observed between the initial cata-
lytic rate and the exposed surface area (Figure 7 a).

Additional catalytic tests have been performed using the de-
composition of hydrogen peroxide, a reaction that is relatively
facile compared to water oxidation and in which manganese
oxides are known to be among the best performing solid cata-
lysts. Indeed, considerably higher OER rates have been detect-
ed in the case where H,0, was used as oxygen source. In this
test reaction, a good correlation between the exposed surface
area and the initial rate has been observed (Figure S5). These
results suggest that the OER proceeds in both cases in an ap-
parently structure-insensitive manner as one may have expect-
ed for the fast radical H,0, decomposition. For the more com-
plex four electron oxidation of H,O, this result is remarkable. A
correlation with particle morphology could not be observed as
shown by the attempt to plot the initial OER rate in the CAN

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. Initial OER rates in the CAN test plotted versus the exposed surface
area determined by nitrogen physisorption. The error for the physisorption
measurement is of the order of -1 m?g~" and the error bars do not exceed
the symbol sizes.

test over the aspect ratio as shown in Figure S6. Based on
these observations, we can assume that the OER in the CAN re-
action on cryptomelane is intrinsically slower, but similarly in-
dependent of the particle morphology as the H,0, decomposi-
tion reaction, for which structure-insensitivity is assumed.

All differences in activities are thus best explained by a
higher exposed surface area, indicating either that all geomet-
ric configurations on the different surface facets of the crypto-
melane needles contribute equally to the OER (structure insen-
sitive catalysis) or that all surface facets have been transformed
under reaction conditions into sites of similar activity inde-
pendent of their initial geometric configuration (structure in-
sensitive surface dynamics). In the light of the frequent obser-
vations of dynamic changes of the (surface) structure of man-
ganese oxides under OER conditions reported in the literatur-
e 1et6228 and expected according to the Pourbaix diagram,?!
the latter view seems more plausible.

The situation was different when the kinetic data of the elec-
trocatalytic OER was taken to search for correlations. In this
case, no correlation with the exposed BET surface area (Fig-
ure S7), but a dependence of the performance on the aspect
ratio and the double layer capacitance (Cp) was observed as
shown in Figure 8. On a first sight, the almost linear correlation
in Figure 8a suggests different activity of different exposed
crystalline facets in terms of a structure-sensitive reaction. As
the OER was improved for a higher aspect ratio, that is, for
longer and thinner needles, the sides of the needles appear to
be more active than their tips. Indeed, Selvakumar et al. sug-
gested an influence of the particle morphology of a-MnO, on
the OER performance with the help of density functional
theory.”” The authors calculated an affinity of the 310 surface
terminations toward water molecules and related it to an en-
hanced catalytic OER activity and proposed that a nano-wire or
needle morphology exhibits a higher exposure of these planes
to the reaction interface. This result seems to explain our ob-
servation, that the OER activity increases parallel to the aspect
ratio although dynamic changes of the surface under reaction
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Figure 8. Correlation of electrocatalytic OER activity with the mean aspect
ratio of the needle-like particles (a) and the double layer capacitance (b) of
the different cryptomelane catalysts.

conditions, which are likely to occur, are not considered. How-
ever, based on the Wulff construction calculated by Tompsett
et al.,” the long sides of a-MnO, needles are rather terminat-
ed by low-indexed 100 and 110 surfaces, while the higher in-
dexed facet terminates part of the needle tips. Furthermore, if
such difference in activity of individual facets exists, it remains
unclear why this structure-sensitivity did not affect our CAN
test data, which does not support the existence of such large
differences between individual surface facets (Figure 7).

Including the origin of the plot shown in Figure 8b, an
almost linear correlation between the OER performance and
the Cp, for the first four catalysts becomes apparent indicating
the same specific activity of these catalysts. The performance
of the most active catalyst R-cryptomelane seems a bit lower
than expected based on the Cp,. Differences in specific OER ac-
tivity have been observed for different polymorphs of MnO,
and different manganese oxides/hydroxides.*®<”""% For our
differently prepared a-MnO, catalysts, the correlation between
OER activity and Cp, (Figure 8b) speaks for a rather similar spe-
cific activity of all catalysts in agreement with the CAN test re-
sults.

With regard to the different trends observed for electro-
chemical and chemical OER, a prominent difference between
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CAN test and electrocatalytic OER is the relevance of electric
conductivity, which is required for the removal of electrons
through the catalyst layer in electrochemistry, but much less
relevant in the CAN test as the catalyst particles are immersed
in an aqueous solution of Ce**, which can act as electron scav-
enger directly at the location of catalytic turnover. According
to these considerations, the surface sites in electrocatalytic
OER may also be similarly active as seen in the CAN test, but
not equally well connected to the back contact of the elec-
trode and a correlation between conductivity on the catalyst
layer level and particle morphology should exist. Indeed, plot-
ting the relative electric conductivity versus the aspect ratio of
the particles results in a linear correlation as shown in Fig-
ure 9a. This correlation can explain the differences in OER ac-
tivity considering an effect of particle morphology on conduc-
tivity rather than on the intrinsic kinetics as demonstrated in
Figure 9b.

This scenario is in line with the results of the CAN test
(Figure 7) and the similar specific OER activity (Figure 8b) sug-
gesting a similar activity of different surface facets, but it em-
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Figure 9. Correlations between the normalized conductivity of selected cryp-
tomelane catalysts and the aspect ratio of the needle-shaped particles (a).
Correlation of the electrocatalytic OER activity with the normalized conduc-
tivity (b). The lines are only guides to the eye.
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phasizes the large kinetic limitation by the electron transport
through the drop-casted catalyst layer that completely disguis-
es a correlation between electrocatalysis and the exposed BET
surface area (Figure S7). In order to evaluate our sample series
for this limitation, the powder sample have been mixed with
the same amount of carbon black (VULCAN XC72R, Quintech)
in a weight ratio of 2:1 to improve conductivity without affect-
ing the particle morphology. The electrocatalytic measure-
ments were repeated with these composites and revealed a
substantial improvement of the OER activity due to the soot
addition (Figure 10). Such an effect is well-known and has
been employed, for example, for the preparation of highly
active manganese oxide/carbon heterostructures.®" Important-
ly, the overall trend was not changed, but the activities of the
different cryptomelanes tend to converge as can be seen from
the higher performance increase for the lower active catalysts.
The highest increase was 555% for the SS-cryptomelane with
initially low conductivity but high specific surface area, while
the initially most-active catalyst did not even double its activity
(174%). The best and the worst catalysts differ by a factor of
7.7 before (30.50 and 3.98 mAcm™ at 1.8 V), but only a factor
of 2.4 after addition of carbon black (53.08 and 22.11 mAcm™?
at 1.8V). The OER improvement by addition of carbon black
was thus higher for catalysts exhibiting an initially low conduc-
tivity compared to those whose conductivity was already rela-
tively high. This result confirms the general limiting role of
electric conductivity in electrocatalytic OER on drop-cast
powder layers and provides support for a similar surface activi-
ty of all cryptomelane catalysts that may lead to a similar (or

rather surface area-dependent) electrocatalytic OER per-
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Figure 10. OER activities of the cryptomelane catalysts after mixing with
carbon black as rotating ring disk electrode voltammograms and compari-
son of the current density at a voltage of 1.8 V before and after carbon
black addition (inset). Improvement of the electrocatalytic OER by addition
of carbon black expressed as current density observed at 1.8 V with carbon
black containing samples divided by the same value obtained with the sam-
ples without carbon black as a function of the normalized conductivity of
selected catalysts.
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formance only if all catalyst electrodes were made equally con-
ductive.

This view still requires an explanation for the observed cor-
relation between conductivity and particle morphology (Fig-
ure 9a). Two possible scenarios seem likely. First, the electric
conductivity may be highly anisotropic and facilitated along
the directions of the tunnels of the a-MnO, structure, that is,
the growth direction of the needles, as suggested for example
by Byles et al.”? In this case, particles with high anisotropy in
the drop-casted powder layer may favour paths for the elec-
trons to travel easier through an aggregate compared to iso-
tropic particles. Secondly, the effect might be due to the lower
electric resistivity within a crystalline particle opposed to the
grain boundaries connecting neighbouring particles. In this
case, longer needles enable a better electron transport as com-
pared to shorter needles that require more grain boundaries
for a given distance in the powder layer.

To decide for one of these models, we have employed
theory to explore the anisotropy of conductivity in the crypto-
melane structure. The calculations result in values of 5.4x
10*Sm™" in the crystallographic a/b-directions and a lower
value of 2.5x10*Sm™" in the c-direction of single crystals. For
powders markedly lower values can be expected and, indeed,
the experimental data in the literature ranges from 0.1 to
1Sm™" for four point probe measurements of thin films®¥ to
225.9Sm™' for a single a-MnO, nanowire measured along the
crystallographic c-axis.*? However, the calculations do not sup-
port an anisotropy of conductivity on the particle level favour-
ing the long dimension the needles (c-direction). They rather
support the second model and suggest a correlation of the
conductivity with the absolute needle length highlighting the
importance of extrinsic ensemble effects at grain boundaries in
the OER measurement on drop-casted electrodes. This effect
can also be assumed to be responsible for the large difference
in the measured conductivities of thin films and single needles
found in the literature.

An additional parameter that was reported to improve the
electrocatalytic performance of manganese oxides in OER and
ORR is thermal annealing."*3* We tested this parameter for the
example of the PHT-cryptomelane catalyst, which was calcined
at 400°C after hydrothermal treatment. As shown in the Sup-
porting Information (Figures S8, S9), this did not significantly
change the particle morphology. However, the OER per-
formance was substantially improved as recently also reported
by Antoni et al.™ In our model, this may be due to improved
electric conductivity of the needles as a result of defect anneal-
ing during the thermal treatment. However, several studies re-
ported rather an increase in the charge transfer resistance R,
determined by impedance spectroscopy,”**? and further work
is needed to unambiguously clarify the possible effects of ther-
mal annealing.

In summary, our comparative study revealed that the OER
activity observed in the CAN test is almost exclusively gov-
erned by the exposed surface area of the cryptomelane cata-
lysts as measured by nitrogen physisorption (Figure 7), while
the OER activity in electrocatalysis was almost exclusively gov-
erned by the electrical conductivity (Figure 9b). In the powder
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layers, the latter is strongly dependent on particle morphology,
which can be controlled by the synthesis method of the re-
spective cryptomelane catalyst and can be further improved
by addition of a conductive additive such as carbon black.

Catalyst stability

Catalyst stability is a very critical issue for the application of
new materials in water electrolysis. The deactivation of R- and
HT-cryptomelane as highly and moderately active catalysts was
investigated by applying a potential of 1.8V for 60 min while
the current density was monitored. For comparison, degrada-
tion is expressed as normalized current density loss in
Figure 11. The reproducibility of the stability data is confirmed
by repeated measurements shown Figure S11 in the Support-
ing Information including the stability measurements of the
other cryptomelane catalysts PHT, PC and SS (Figure S12).

Both catalysts showed the same response with the strongest
activity loss occurring during the first minutes. After a reaction
time of approximately 5 min the detected current flow already
drops to half of the starting value and falls to zero after 45 min
showing a poor stability of the cryptomelane powders that is
prohibitive of any application. To understand the reason for
the fast breakdown of activity, the structural stability during
catalysis was investigated by operando electrochemical Raman
spectroscopy and ex-situ powder XRD of the spent catalyst.
Figure 12a shows the Raman spectra of HT-cryptomelane re-
corded at different potentials. The main bands of the spectra
are observed at the same position and with similar relative in-
tensities as already seen in Figure 4 and do not change much
with increasing potential. This suggests that the bulk is stable
under reaction conditions. This was confirmed based on the
XRD of the catalyst after an operation time of 10 min at 1.8V,
which corresponds to a deactivation of approximately 65 %.
The Rietveld refinement of the powder scratched off the elec-
trode is shown in Figure 12b and the results are compiled in
Table 3. The low reflection intensities and the high background

0
-10
-20 -
12-25 % == R-Cryptomelane
=30 4
.40 == HT-Cryptomelane

Current density loss [%]

T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60
t [min]

Figure 11. Stability test showing the loss of OER activity over time. The cur-
rent density was monitored while applying a constant potential of 1.8 V vs.
RHE, using 1M KOH as electrolyte and an electrode rotation of 1600 rpm.
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Figure 12. Raman spectra of HT-cryptomelane recorded in situ at different
potentials in the range from 1.02 to 1.92 V vs. RHE, measured in 0.01 m KOH
(a) and graphical results of the Rietveld refinement of the powder diffraction
data of HT-cryptomelane after OER measurement (b), after H,0, decomposi-
tion (c) and after water oxidation catalysis (d).

Table 3. Lattice parameters of the five HT-cryptomelane before catalysis,
after 10 min electrocatalytic OER, after H,O, decomposition and after the
CAN test as obtained by Rietveld refinement.

Sample a=b[A] c[A]
before catalysis 9.8062(19) 2.8526(5)
after electrocatalysis 9.835(11) 2.857(3)
after H,0, decomposition 9.799(3) 2.8528(8)
after CAN test 9.807(3) 2.8522(7)

in Figure 12b are caused by the small amount of catalyst used
in electrocatalysis and subsequently for the XRD measurement.
The only structural change detected was an increase of the a/
b-parameter indicative of a widening of the tunnels. The loss
of activity during the CAN test was significantly lower over ap-
proximately 40 min of observation (ca. 20%, inset in Figure 2)
and no noteworthy changes in crystal structure were observed
(Figure 12d, Table 3) and the same is true for HT-cryptomelane
spent in the H,0, decomposition (Figure 12¢, Table 3). Thus, if
bulk effects are discussed as reasons for the instability in OER,
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these might be tentatively related with the widening of the
tunnels, which are only observed under applied external po-
tential in the alkaline electrolyte. However, surface effects likely
play an important role in the deactivation of cryptomelane
during OER, and dynamic changes""®?¥ as well as corrosion!'®
have been observed in several studies. Anyway, further investi-
gations are needed to draw reliable conclusions on the reasons
for catalyst degradation.

Conclusions

Cryptomelane (a-(K)MnO,) was successfully synthesized by dif-
ferent methods. Raman spectroscopy and XRD patterns indi-
cated phase-pure samples crystallizing in hollandite-type struc-
ture and only slight variations of the lattice parameters could
be observed. Also the potassium content varied only in a small
range from 10 to 13 cation-%. In contrast, the BET surface area
(9 to 166 m*g™") and the crystallize size (6 to 58 nm) covered a
broader range indicating strong differences in the microstruc-
ture of the different catalysts. Their morphology was needle-
like, and the exact shape and the particle size strongly depend-
ed on the synthesis route. The aspect ratio of the needles
varied between 2 and 16. Comparative measurements pointed
out a substantial influence of the synthesis method on the cat-
alytic performance in the OER despite the presence of the
same crystallographic phase. Water oxidation catalysis with
Ce*" as chemical oxidizing agent (CAN test) and electrocatalyt-
ic OER experiments showed a different activity sequence of
the tested catalysts. The decisive microstructural factors that
explain this difference were identified: The CAN test activity is
substantially governed by the exposed surface area, while the
electrocatalytic activity is determined largely by the electric
conductivity. Interestingly, the latter was found to correlate
with the needle length and the aspect ratio in our sample
series. This correlation is rather explained by an improved con-
ductivity due to longer needles than by structure sensitivity as
was supported by reference experiments using H,0, decompo-
sition and carbon black as additive. The most active catalyst R-
cryptomelane reached a current density of 10 mAcm™? at
1.73 V without, and at 1.71V with the aid of carbon black.
However, the catalysts showed a disappointing catalytic stabili-
ty during alkaline electrochemical OER, while the crystal struc-
ture was found to be stable under working conditions.

Experimental Section

Synthesis and sample labelling: The R-cryptomelane (R for
reflux) synthesis was adapted from DeGuzman etal"* 2.76 ¢
Mn(Ac),+4H,0 (>99% p.a., Fluka Chemie AG), 200 mL KMnO, (>
99% p.a., Carl Roth GmbH) solution (0.037 mol I"") and 3 mL HNO,
(65 %, Fisher Chemicals) were stirred (500 rpm) in a 250 mL round-
bottom flask connected to a water-cooled condenser open to the
atmosphere at the top. The solution was heated to 100°C (reflux)
for 24 h.

The PHT-cryptomelane (PHT for precursor hydrothermal) sample
was obtained by a two-step synthesis. First, an amorphous precur-
sor was precipitated by combining 300mL of a 0.15m
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Mn(Ac),»4H,0 solution and 300mL of a KMnO, solution
(0.1 moll™) in a beaker while stirring (500 rpm) at room tempera-
ture for 15 h. The precipitate was washed with demineralized
water until the conductivity of the filtrates fell below 20 uScm™
and dried in static air at 80 °C for 24 h. In a second step, the amor-
phous precursor was suspended in 160 mL H,O and hydrothermal-
ly treated for 48 h at 150°C in a Teflon-lined autoclave (250 mL).

To synthesize HT-cryptomelane (HT for hydrothermal) analogously
to the literature procedure,*® 2 mL HCl (37%, VWR Chemicals)
were added to 160 mL of a 0.1m KMnO, solution. After stirring
(500 rpm) for 30 min at room temperature the solution was hydro-
thermally treated for 8 h at 150°C in a Teflon-lined autoclave
(250 mL).

For the synthesis of PC-cryptomelane (PC for precursor calcina-
tion) the same amorphous precursor and the same first step of the
synthesis route used for the preparation of PHT-cryptomelane
were employed. However, the second step differed. After precipi-
tating, washing and drying, the amorphous precursor was calcined
in a muffle furnace for 24 h at 400°C (=20 Kmin") in air.

For the synthesis of SS-cryptomelane (SS for solid state) a solvent-
free solid-state method developed by Ding etal. was used.*”
KMnO, and Mn(Ac),-4H,O powders were mixed in a stoichiometric
ratio of 2:3, ground in a mortar and calcined in a muffle furnace
for 4 h at 80°C (3=8 Kmin') in air.

All obtained powders were isolated and washed with demineral-
ized water until the conductivity of the filtrates fell below
20 uScm™ . Finally, the samples were dried in static air at 80°C for
24 h.

Characterization: Powder XRD patterns in the 26 range from 5 to
90° were recorded with a Bruker D8 Advance diffractometer in
Bragg-Brentano geometry by using a position-sensitive LYNXEYE
detector (Ni-filtered Cuy, radiation). A step size of 0.01° and a
counting time of 0.3 s were applied. Samples were dispersed with
ethanol on a glass disk inserted in a round PMMA holder. The
latter was subjected to gentle rotation during scanning. To verify
the structure and calculate the lattice parameters a Rietveld refine-
ment®” was performed using the TOPAS software (Bruker).

To examine the catalysts after the electrochemical measurement
by XRD the samples were recovered from the glassy carbon elec-
trode with a commercial adhesive tape (Scotch Magic™ Tape, 3 m).
After applying the catalyst on the adhesive side, the prepared tape
was fixed on a glass disk in a round PMMA holder and measured
by using the above mentioned setup with a step size of 0.01° and
a counting time of 2.96 s.

SEM images were taken with a JEOL JSM7500F equipped with a
cold-field emission gun. An acceleration voltage of 5.0 kV and an
emission current of 10 pA were applied. All experiments were per-
formed under high vacuum. Samples were fixed on a metallic
holder by using a conductive carbon paste. For determining the
BET surface N, physisorption experiments were performed at
—196°C with a NOVA 3200e (Quantachrome GmbH & Co. KG) after
degassing the samples at 80°C for 2 h in vacuum. BET surface
areas were calculated from p/p, data between 0.05 and 0.3.

Thermogravimetric analysis (TG) and differential thermal analysis
(DTA) were carried out with a Netzsch STA 449 F3 Jupiter thermoa-
nalyzer. Powdered sample (/=50 mg) was placed in a corundum
crucible and heated from room temperature to 1000°C. A heating
rate of 5°Cmin~" and a mixture of 21% O, in Argon at a flowrate
of 100 mLmin~" were applied.

Raman spectra were recorded with a Jubin-Yvon iHR550 (HORIBA)

spectrometer equipped with a 532 nm laser source (Ventus 532,
Laser Quantum), using a laser power of 1 mW and a 60x objective.
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Operando Raman spectroscopy experiments were conducted in a
three-electrode cell configuration using a 0.01 M KOH solution as
supporting electrolyte. 5 uL of catalyst powder dispersed in a mix-
ture of water and ethanol (1:1) at a concentration of 20 mgmL™
were drop-cast onto a gold wafer and used as the working elec-
trode. A platinum mesh and an Ag/AgCl (3 m KCl) were used as the
counter and the reference electrode, respectively. Cyclic voltammo-
grams were recorded until obtaining a constant response in the
range from 0.1 to 0.5 V versus Ag/AgCl (1.02 to 1.42 V vs. RHE) at a
scan rate of 0.1Vs™'. Subsequently, Raman spectra were collected
while simultaneously applying potentials in the range from 0.1 to
1.0 V versus Ag/AgCl (1.02 to 1.92 V vs. RHE).

The metal content of the as-prepared samples was determined by
atomic absorption spectroscopy (Thermo Electron Corporation, M-
Series) after dissolving the powders in hydrochloric acid.

The resistance was measured by a four-terminal sensing using a
Keithley 4200 SCS parameter analyzer combined with a point
probe station. The powdered samples were pressed to solid pellets
with a hydraulic press (PerkinElmer, Waltham) by applying a pres-
sure of 5 bar for 2 min. The prepared samples were contacted with
four probes arranged in a line. Current was supplied by the outer
probes while a voltage in the inner voltage probes were recorded.
The pellets were not subjected to sintering in order to not change
the sample from the state of the catalytic measurements. The low
stability of the pellets prevented measurement of the complete
series of samples and reliable data were only obtained for R-, HT,
and SS-cryptomelane. Replicate measurements were not possible.
The error due to the sample properties is estimated to exceed the
measurement error of the analytic setup but could not be quanti-
fied. Using the sample method for measuring different manganese
oxide references resulted in the following conductivity trend:
Mn;0, > Mn,0; < 6-MnO, < all a-MnO, of this study.

Electrochemistry and Catalysis: The electrochemical measure-
ments were carried out in a three-electrode cell setup and a 1m
KOH solution as the electrolyte. An Autolab potentiostat/galvano-
stat (PGSTAT12, Eco Chemie, Utrecht, The Netherlands) coupled to
a Metrohm RDE rotator (1600 rpm) was used for controlling the
potentials during the measurements. A glassy carbon tip with geo-
metric area of 0.126 cm? was used as working electrode. Ag/AgCl/
3™ KClI and platinum foil acted as reference electrode and counter
electrode, respectively. Catalyst inks were prepared by dispersing
2.5 mg of the catalyst in a solution consisting of 2 ul Nafion, 249 pl
ethanol and 249 pl water, followed by 15 min ultrasonication. 5.0 ul
of the ink were drop cast onto the polished glassy carbon elec-
trode and dried in air at room temperature for about 2 h. The
loaded electrodes were subjected to continuous potential cycling
(v=100 mVs™") until reproducible voltammograms were obtained
before catalytic measurements (v=5 mVs™'). All reported current
densities were determined based on several repeated measure-
ments and calculated with respect to the geometric surface area of
the electrode. Error bars for the electrochemical OER performance
were estimated based on the standard deviation of 5 repeated
measurement of the catalyst R-cryptomelane. The measured poten-
tials were converted to the reversible hydrogen electrode (RHE)
scale.®® Double-layer capacitance (Cp,) as determined by cyclic vol-
tammetry recorded in the non-Faradaic potential region from 1.27
to 1.37V versus RHE at scan rates of 0.01, 0.05, 0.1, 0.15 and
0.2V s 5% The charging currents measured at 1.32 V versus RHE
during the second anodic and the second cathodic scan were plot-
ted as a function of the scan rate. The slopes resulting from the
linear fit were extracted and their absolute values were reported as
Co-
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Chemical water oxidation catalysis was executed with Ce*" as
chemical oxidizing agent. The single-electron oxidant Ce** (E%(Ce*"
/Ce*")=+1.72V vs. NHE at pH 0) is reduced to Ce*" during the
reaction while water is oxidized to oxygen [Eq. (1)].

4 Ce* +2 H,0 @, 4"+ 0, + 4 Ce*" (1)

In a typical experiment 100 mg catalyst was dispersed in 45 mL
H,O. The reaction was conducted at pH~ 2. While bubbling Argon
(50 mLmin™") through the dispersion, 5 mL of a (NH,),Ce(NO,)¢ so-
lution (2.5 moll™") was added. The evolving oxygen was detected
by the electrochemical oxygen analyzer EC900 (Systech lllinois).
The error of our measurements was estimated based on the stan-
dard deviation of duplicate or triplicate measurements in this
setup using a range of transition metal oxide benchmark catalysts
coving the activity range of interest in this study resulting in a rela-
tive error of 6.5 %.

Calculations: For the quantum-chemical model calculations, the
crystal structure of cryptomelane Q (K,;6,Mn0O,, ICSD 59159) was
assumed.® The calculations of conductivity were performed based
on a 1x1x3 super cell model under removal of partially occupied
potassium sites to reach a model composition of K,Mn,,0,5 with
full occupancy of the remaining K positions. The spins of manga-
nese were assumed to couple in an antiferromagnetic manner. The
electronic structure was calculated with the hybrid functional
PW1PW“ which is known to reproduce experimental electronic
band gaps well.*” The method was employed as implemented in
the crystalline-orbital program CRYSTAL17 (version 1.0.2).%? The
wavefunction was expanded as linear combination of atomic orbi-
tals. The atomic basis sets are of triple-zeta valence plus polariza-
tion quality.®® Integration over reciprocal space was performed
with a 4x4x4 Monkhorst-Pack grid. For the calculation of the
Fermi energy a much denser 12x12x 12 Gilat net was applied. The
truncation thresholds for two-electron integral evaluation were in-
creased from (6 6 6 6 12) to (7 7 7 14 42) due to our experience
with hybrid functionals. The electric conductivity tensor was calcu-
lated at 293 K at the Fermi energy obtained in the SCF calculation,
—2.88 eV, using the BOLTZTRA utility. The values reported above
are the xx, yy, and zz diagonal elements of the sigma tensor. Fre-
quency integration was performed in the interval from —3.88 to
1.88 eV in steps of 0.0001 eV. Much denser Monkhorst-Pack and
Gilat grids (24x24x24 and 48x48x48, respectively) were used
(see Supporting Information for input files and basis set).
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