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Earlier studies have shown that manganese oxide parti-
cles derived from a manganese molecular complex embed-
ded in Nafion film have one order of magnitude higher
water-oxidation catalytic activity per manganese com-
pared to many unsupported solid-state manganese oxide
particles. Using transmission electron microscopy and
electron scattering simulations, we have shown that the
sodium-birnessite phase particles in Nafion exhibit an ex-
ceptionally high degree of the layer mis-registration, and
a high concentration of Mn vacancies, compared to the
synthetic birnessite nanoparticles. It is therefore proposed
that the differences in the activities correlate with the de-
gree of disorder in the manganese oxide particles.

Solar-driven water splitting, where a combination of water
oxidation and proton reduction is used to generate hydrogen
fuel, is poised to provide renewable energy without green-
house emissions. A major challenge in achieving this process
lies in the requirement of a significant overpotential to drive
the four-electron process of water oxidation. Hence, consid-
erable efforts have been devoted to reduce this overpotential
through the development of efficient catalysts.

Inspired by the highly-active, naturally-occurring man-
ganese cluster (CaMn4Os)' of the water-oxidizing complex
of photosystem II (PSII-WOC), the development of catalysts
containing inexpensive and earth-abundant manganese has at-
tracted vast interest2™ (as have other transition metal ele-
ments>?). In particular, manganese oxides with oxidation
states between Mn"' and Mn'V have been demonstrated to
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exhibit catalytic activity under alkaline conditions '*!3, and

activities under mild conditions have also been reported re-
cently 1417,

Manganese oxides are known to have a large number of
polymorphs, a number of which have been reported to be
active for water oxidation. For example, nanostructured
0-MnO;, B-MnO, and screen-printed f-MnO; film have
been found active in photo-electrochemical systems %!, and
nanoparticulate Mn;03%°, §-MnO, '421-23 and A-MnO,**
have also been reported to be active in neutral to alkaline con-
ditions. Recently, it was proposed that amorphous-structured
manganese oxides can be more active compared to crystalline
phases in neutral conditions '"->>. However, there has been sig-
nificant ambiguities in determining the catalytic active com-
ponents in these nano-structured systems. In addition, the
presence of structural disorders in the materials, such as va-
cancies or lattice strain, can result in significant changes to
local electronic structure and hence alter their catalytic prop-
erties 2. Moreover, such effects are often more pronounced in
nanoparticles. Such observations would explain why, for some
manganese oxides of the same phase, such as 8-MnO, there
exists a broad deviation in the reported activity under similar
reaction conditions 141625 These examples demonstrate the
importance of acquiring a detailed understanding of the type
of structural disorder in nanoparticulate manganese oxides.

Here, we present a detailed structural study of the man-
ganese oxide particles formed in Nafion film under active
water oxidation conditions, using transmission electron mi-
croscopy (TEM) techniques. Utilising the strong interaction
between the beam electrons and the sample, TEM is well-
suited for studying structural disorder in embedded nanopar-
ticulate manganese oxide, where the particle concentration
and size can be too low for reliable characterisation using typ-
ical spectroscopy and X-ray diffraction methods. The combi-
nation of TEM imaging and diffraction techniques over spec-
troscopy alone gives advantages that imaging offers direct in-
formation on the morphological changes, while the coherent
diffraction intensities derived from the selected-area patterns
allow us to easily differentiate the structural phases and also
provide information on the degree of structural order. In ad-
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Fig. 1 Low magnification ADF-STEM image (a) and BF-TEM
images (b) of the manganese oxide particles, derived from Mn™
dimer complex in Nafion film. Inset shows the EDS spectra of the
area focused around nanoparticles.

dition, the electron scattering simulations were applied to ex-
plain the origin of the structural disorder observed in the elec-
tron diffraction of the manganese oxide particles in Nafion
films.

Manganese oxide particles embedded in Nafion films were
generated by electro-oxidation of the Nafion films doped with
the manganese complex precursor, [(MegTACN)zMnIZH(,u-
0)(u-CH3C00),]>*, following a procedure reported previ-
ously '®. This system has been shown to exhibit a much higher
turnover frequency (TOF) per Mn site compared to many
electro-deposited solid-state MnO,, such as birnessite-phase
catalysts, at near neutral conditions (41 - 44 Mn 'h~!vs. 0.2
- 1.2 Mn~'h1) 1627 (details of the catalytic activity test can
be found in the Supporting Information). In order to avoid
damage while transferring the film onto a TEM grid for ob-
servation, the doped films were prepared directly onto carbon-
coated gold TEM grids. Details of materials synthesis and
preparation can be found in Supporting Information. Fig. 1(a)
shows an ADF-STEM image of manganese oxide particles in
Nafion. It can be seen that the particles (the bright spheres)
are well-dispersed in the Nafion film (the varying background
contrast), which has the characteristic interconnected network
with holey features. The bright-field TEM image shown in
Fig. 1(b) provides a similar observation, with the particles
(dark spheres) appearing against the grey-background of the
Nafion film. Energy dispersive x-ray spectra (EDX), obtained
using a focused beam from areas containing nanoparticle ar-
eas (inset), exhibits a weak Mn signal and strong C, O, F and
S signals, confirming that the manganese-containing particles
are embedded in a significantly thick layer of Nafion film.

In order to determine the phase and possible structural dis-
order of manganese oxide particles, selected-area electron
diffraction has been applied. However, as the relatively low
concentration of particles are embedded in the thick Nafion
film, the diffraction intensities from nanoparticles can be weak
compared to those from Nafion. In addition, the structural

(@) (b)

iParticles in Nafion

Particles in Nafion

x11

Na-birnessite Na-birnessite

x3

Coherent diffraction intensity (a.u.)

20-2------- -

™
2
it

-311

N 1 (LT | 1 1
0.10 0.15 0.20 0.25

03003 04 05 06 07 08 09 1.0

Spatial frequency (A-") Spatial frequency (A")
. I (d)

Fig. 2 Coherent diffraction intensities of the manganese oxide
particles in Nafion, and the synthetic Na-birnessite (a)-(b). (In the
case of (a), the low spatial frequencies (<0.3 A=) has been
magnified for better visibility.) (c) HRTEM image of the synthetic
Na-birnessite; (d) Atomic model showing layered structure of
monoclinic Na-birnessite.

disorder of nanoparticles is manifest in the shape and inten-
sity of the diffraction peaks. Therefore, we have extracted
the coherent diffraction intensity (CDI) from the selected-area
diffraction patterns to obtain the structural details of the par-
ticles. CDI is more sensitive to the weak diffraction intensi-
ties and is therefore able to provide information from a small
number of particles within a thick matrix. Fig. S2 shows the
CDI of the manganese oxide particles in the Nafion. For com-
parison, the Nafion film manganese precursor doped before
electro-oxidation is also shown in the figure. The coherent
diffraction intensity in Fig. S2(c) shows three additional nar-
rower peaks (red line labelled with arrows) superimposed on
the broad peaks that closely resemble those of doped Nafion
before applying potential. This observation is consistent with
the formation of manganese oxide particles.

To elucidate the structural disorder of the Nafion-embedded
manganese oxide particles, we have compared their CDI with
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that from the well-characterised synthetic manganese oxide
(Na-birnessite) particles, as shown in Fig. 2. The structural
phase of the embedded particles has also been confirmed as the
dehydrated monoclinic Na-birnessite structure®, by compar-
isons with the simulated electron diffraction intensities from a
range of manganese oxide single crystal phases (see Fig. S3).
Further comparison on the coherent diffraction intensity of
the manganese oxide particles in Nafion and the synthetic Na-
birnessite reveals some important features, as shown in Fig. 2.
Firstly, the diffraction peaks appear to be broadened, occurring
for both the embedded particles and the synthetic birnessite. It
can be seen in Fig. 2 that the broadening results in only four
visible peaks between 0.3-1 A~!. Secondly, the (001) peak
of the embedded particles shown in Fig. 2(a) is very weak,
having a height of only about 10% relative to the strongest
peak, whereas the theoretical (001) peak of Na-birnessite is
44% relative to the strongest (111) peak. For the synthetic bir-
nessite, on the other hand, the (001) peak height is about 36%
relative to the (111) peak, which is close to the theoretical
value. In addition, the (001) peak of the embedded particles
is more broadened, having a FWHM of about 0.06 A1 com-
pared to about 0.02 A~! for synthetic Na-birnessite. Although
it is well-established that a decreased particle size results in
broadened diffraction peaks, in this case, however, the particle
size alone cannot account for the broadness of the (001) peak.
Assuming that the embedded particles are perfectly ordered,
the estimated particle size based on the Scherrer equation is
less than 1.5 nm. This value is much smaller than the parti-
cles size (~10 nm) observed in Fig. 1(b). Hence this strongly
suggests that structural disorder is largely responsible for the
broadening and weakened (001) peak.

We have conducted electron scattering simulations to model
the effects of different types of the structural disorder, includ-
ing the size effect, layer mis-registration and Mn vacancies,
to the CDI (simulation details can be found in the Supporting
Information). The comparisons between the experimental and
theoretical CDI is intended to be qualitative, as the presence of
dynamical scattering in electron diffraction means that quan-
titative agreement (matching peak heights) can be achieved
only under very specific experimental conditions (essentially
perfect crystals of known thickness and orientation). In our
case we make a qualitative comparison of the apparent trend
and features in the experimental CDI. As shown in Fig. 3,
the effect of nano-sized particles, as expected, caused a slight
broadening to all diffraction peaks (black line). However, the
inclusion of Mn vacancies and layer mis-registrations, result
in a pronounced change, particularly to the (001) peak. It can
be seen that the presence of a high concentration of the Mn va-
cancies drastically reduce the intensity of the (001) peak but
the width of the (001) peak remains unchanged from that ob-
served for the ordered particles. The higher-order peaks re-
main relatively unchanged. On the other hand, the presence
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Fig. 3 Schematic diagrams of the types of disorders in birnessite:
(a) layer mis-registration and (b) Mn vacancies, with vacancies
represented by dashed circles; and (c) the simulated electron
diffraction intensities of 10 nm size spherical particles (black),
particles with 40% Mn vacancies (red) and particles with layer
mis-registration (blue).

of layer mis-registration, even with an average deviation of
only 0.1 A in our simulation, result in a further assymmetric
broadening of the (001) peak, and a drastic reduction to the
(133)/(311) peaks (and higher-order), but does not drastically
change the relative heights of the other major peaks, (202) and
(111). The combined effects of Mn vacancies and layer mis-
registration agree with the trend observed in the experimental
CDI of the particles in Nafion.

Our simulation results suggest that the strongly reduced
intensity and broadening of the (001) peak, and the greatly
damped intensity of the (133)/(311) peaks, arises from mis-
registration of the layer stacking and a high concentration
of Mn layer vacancies in the embedded birnessite particles.
These structural disorder features have an effect on the cat-
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alytic activities of the birnessite phase particles. For example,
similar (001) diffraction features have also been observed in
the birnessite phase solids formed from biogenically produced
manganese oxides?>30. Such structural features in the bio-
genic oxide was believed to be the result of the fast oxidation
of Mn'! to form Mn"/Mn!V oxides in mild conditions. In ad-
dition, a high concentration of Mn layer vacancies has signif-
icant consequences for the activity of photo-electrochemical
water-oxidation catalysis. The MnQOg octahedron have been
shown experimentally and theoretically to be less compressed
(more elongated octahedral) compared to vacancy-free birnes-
site 263132 indicating an increase of weaker, more flexible
Mn-O bonds. This is also in agreement with spin-polarised
DFT calculations?®. The presence of flexible Mn-O bonds
has been correlated with higher water-oxidation activity '.
Moreover, a high concentration of Mn vacancies can greatly
reduce the band gap, implying an improved light absorption
efficiency. Overall, the layer mis-registration and Mn vacan-
cies that we have observed in this system provide a change
in the atomic and electronic structures from the ideal, perfect
manganese oxide crystal structure, leading to an improved ef-
ficiency in both water-oxidation and photo-reduction.
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