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Abstract 

Manganese dioxide is a good candidate for effective energy storage and conversion as it possesses a rich 
electrochemistry. The compound also shows a wide polymorphism. The γ-variety, an intergrowth of β- and 
R-MnO2, has been extensively studied in several types of batteries (e.g. Zn/MnO2, Li-ion) and is a common 
electrode material for commercial batteries. It is well known that the insertion of protons thermodynamically 
stabilises γ-MnO2 with respect to β-MnO2. Protons can enter the structure either by forming groups of 4 
hydroxyls around a Mn4+ vacancy, called a Ruetschi defect, or by forming a hydroxyl group near a Mn3+ ion, 
called a Coleman defect. These defects differently affect the electrochemistry of manganese oxide, and 
tailoring their amount in the structure can be used to tune the material properties. Previous studies have 
addressed the proton insertion process, but the role of the synthesis pathway on the amount of defects 
created is not well understood. We here investigate how the parameters in a hydrothermal synthesis of γ-
MnO2 nanoparticles influence the amount and type of H-related defects. Structural investigations are carried 
out using Pair Distribution Function analysis, X-ray absorption spectroscopy, thermogravimetric analysis, 
and inelastic neutron scattering. We demonstrate the possibility to control the amount and type of defects 
introduced during the synthesis. While the amount of Ruetschi defects increases with synthesis 
temperature, it decreases with extended synthesis time, along with the amount of Coleman defects. 
Moreover, we discuss the arrangement of the defects in the γ-MnO2 nanoparticles. 

 

Introduction 

Manganese oxides have been widely studied for their electrochemical properties. They are used as 
electrode materials for e.g. Zn/MnO2,1,2 Li-, and Na-ion batteries,3,4 but also as catalysts for the removal of 
volatile organic compounds5-8 and the oxygen evolution reaction.9,10 The superior electrochemical 
performance arises due to the stability of the manganese ion in several oxidation states. Manganese ions 
can be commonly found in oxidation states +II, +III and +IV, giving rise to diverse oxides of compositions 
ranging from MnO to MnO2. Furthermore, manganese dioxide MnO2 shows a rich polymorphism with 
structures based on a versatile assembly of [MnO6] octahedra forming layered or tunnel structures.11 The 
most thermodynamically stable variety is β-MnO2. It crystallises in a rutile structure (Figure 1c), where the 
octahedra form edge-sharing chains along the c-axis, which connect via corner-sharing to form a tunnel 
structure with dimensions of (1X1) along the a- and b-axis. Larger tunnel structures can be stabilised by 
insertion of alkali or alkali-earth ions,12 but also by protons H+. For example, proton insertion leads to a 
lowering of the Gibbs free-energy of the R- and γ-MnO2 varieties.12,13 R-MnO2 shows a (2x1) tunnel 
structure (Figure 1b) and γ-MnO2 is an intergrowth between β- and R-MnO212 (Figure 1a). The stabilisation 



of these phases occurs in two distinct ways, either through the substitution of Mn4+ and O2- by Mn3+ and 
(OH)-, called Coleman defects,14 or by the substitution of a Mn4+ ion by four protons, called Ruetschi 
defects.14 The different types of defects in γ-MnO2 are illustrated in Figure 1, where the Coleman defects 
can be interpreted as local γ-MnOOH (Figure 1d) or α-MnOOH (Figure 1e) domains within the γ-MnO2 
structure. Ruetschi defects can be represented by four (OH)- groups clustered around a Mn4+ vacancy 
(Figure 1f). Coleman and Ruetschi defects have been extensively studied13-17 for the role they play in the 
electrochemical properties of γ-MnO2.4 It has been shown that Ruetschi defects are beneficial for the cycling 
stability in γ-MnO2 batteries due to a lowering of its overpotential.13,18 In turn, Coleman defects are 
detrimental to the electrode life-time as they irreversibly lead to the formation of Mn3O4, which hampers the 
cyclability of the material.1,2,15,18 Nevertheless, Coleman defects may be interesting for electrocatalysis as 
several studies have shown a significant role of Mn3+ in catalytic processes, e.g. in the oxygen evolution 
reaction (OER).19-21 Thus, controlling the amount and type of these defects in γ-MnO2 would allow to 
develop materials for targeted applications.  

 

  

Figure 1: Description of the different types of defects in γ-MnO2. a) γ-MnO2 representing an intergrowth of the parent 
structures b) R-MnO2 and c) β-MnO2. Defects involving protons can form in both parent structures by forming Coleman 
defects, i.e. local MnOOH domains structurally similar to d) γ-MnOOH and e) α-MnOOH, isostructural to β- MnO2 and 
R-MnO2. f) Ruetschi defects in R-MnO2, i.e. 4 (OH)- groups clustered around a manganese vacancy. Mn4+ atoms are 
shown in purple, Mn3+ in brown, O atoms in red and H atoms in white. 

Several characterisation methods can be used to study the presence and nature of defects in MnO2. 
Hydrogen-related defects in γ-MnO2 are related to the presence of hydroxyl groups (OH)- in the structure. 
They can be minimised by thermal treatment of the sample,22 as water molecules are released from the 
structure. Tracking mass loss during a thermal treatment by thermogravimetric analysis (TGA) can therefore 
provide information on the presence of these defects. The technique has previously been used to study 
structural water and hydroxyls in oxide compounds,23,24 including γ-MnO222 and γ-MnOOH.25 Neutrons are 



also an excellent probe for the investigation of hydrogen-related defects in these materials. H1 atoms have 
a neutron incoherent cross-section several orders of magnitude higher than manganese and oxygen, i.e. 
80.26 (H1), 0.4 (Mn) and 0.0008 (O) barn. Similar to Raman and infrared spectroscopy, inelastic neutron 
scattering (INS) probes vibrational modes in a system by energy transfer between the atoms in a system 
and the neutron beam, however without selection rules.26,27 INS can therefore provide great insight into the 
different hydrogen environments in γ-MnO2 and allows investigating Coleman and Ruetschi defects.16  

Beside the insertion of hydrogen atoms into the structure, Coleman defects involve the substitution of a 
Mn4+ ion by Mn3+. The change in oxidation state of Mn can be probed by X-ray Absorption Near-Edge 
Spectroscopy (XANES). XANES provides element specific information about the local environment of a 
given atom and is sensitive to oxidation states making it excellently suited to study systems containing 
transition metal oxides, which can have several oxidation states within a single material. The structure of 
nanomaterials can be investigated using X-ray total scattering and Pair Distribution Function (PDF) analysis 
as both the Bragg and diffuse scattering are analysed.28 PDF is ideal for studying local structures in 
disordered materials and nanoparticles since it provides structural information at the long range, but also 
in the range of the first atomic pairs. PDF analysis has previously been used to characterise γ-MnO2.29 For 
example, we used a combination of PDF and PXRD with structure mining to quantify the amount of 
intergrowth defects in γ-MnO2.30 

Powder samples of γ-MnO2 are commonly synthesised using hydrothermal synthesis. This synthesis route 
is inexpensive and scalable, easy to implement, and allows to obtain various polymorphs of the same 
compound by tuning synthesis parameters. The defective structure of γ-MnO2 of hydrothermally 
synthesised particles has previously been characterised by several techniques including neutron powder 
diffraction,31 INS,16,32 XANES,33 and ab initio calculations.13,15,18,34,35 However, how these defects form and 
how their presence is affected by the synthesis parameters is not yet well understood. Here, we study how 
the variation of parameters in a hydrothermal synthesis influences the proton insertion into the γ-MnO2 
structure by combining PDF analysis with TGA, XANES and INS. We find that increasing the temperature 
reduces the amount of Coleman defects and promotes the formation of Ruetschi defects, while increasing 
the synthesis time reduces the amount of both type of defects. Moreover, we show that both the synthesis 
temperature and time influence the way the defects arrange in the microstructure. 

 

Methods 

γ-MnO2 samples were synthesised hydrothermally based on the protocol of Wang et al.36 3.5 mmol of 
MnSO4·H2O (Sigma Aldrich, 99%) and 1.75 mmol of (NH4)2S2O8 (Sigma Aldrich, 99%) were dissolved in 
5 mL of water in a 23 mL teflon-lined steel autoclave. Three samples were produced at 120 °C for 2 h 
(sample A), 80 °C for 3 h (sample B), and 80 °C for 6 h (sample C). After the heating process, the autoclave 
was taken out of the oven to cool down to room temperature. The formed black precipitate was filtered and 
washed three times with water and ethanol and left to dry at room temperature. The black powder was 
ground in an agate mortar before characterisation. 

X-ray total scattering experiments were carried out at the DanMAX beamline, MAX IV Laboratory in Lund, 
Sweden on samples packed in 1 mm Kapton capillaries. The data were collected with an X-ray wavelength 
of 0.3542 Å and a DECTRIS PILATUS3 X CdTe 2M area detector with a sample detector distance of ca. 
100 mm. The total scattering patterns were integrated using Dioptas37 and the corresponding PDFs 
obtained using xPDFSuite.38 The scattering pattern of an empty Kapton capillary was used for background 
subtraction. The PDF patterns were modelled and refined with Topas Academic.39 

XANES spectra of the Mn K-edge were measured at the Center for Spectroscopy at the University of 
Helsinki on HelXAS.40 The powder samples were diluted using cellulose and mixed in ethanol. The resulting 
slurry was pelletised and left to dry. The spectra were acquired at X-ray energies ranging from 6525 to 
6625 eV. The XANES signal was normalised with respect to the incident beam intensity. First, spectra of 



an elemental Mn foil and a powder of pure commercial β-MnO2 were acquired and their corresponding edge 
position was extracted by analysis of the first derivative of the spectra.  

Thermogravimetric analysis was carried out using a Neztsch TG 209 F1 Libra. About 20 mg of sample was 
placed in an alumina crucible and introduced into the furnace chamber in which a continuous N2 flow of 
20 ml/min was applied throughout the whole experiment. When the furnace chamber temperature was 
stabilised, the samples were heated up to 600 °C using a heating rate of 10 K/min. 

INS spectra were collected at the TOSCA41 neutron spectrometer at ISIS Neutron and Muon Source at 
Oxfordshire, United Kingdom. To avoid scattering signal from water, the samples were dried overnight at 
80 °C before measurements. The samples were placed in an aluminum can and cooled down to 20 K. The 
INS spectra of each sample were collected for 12 hours. The background signal from the aluminum can 
was subtracted and the resulting spectra were normalised by the mass of each sample. 

 

Results and discussion 

Quantification of Coleman and Ruetschi defects in γ-MnO2 

We first use X-ray total scattering to confirm the structure of the three samples. As shown from diffraction 
patterns in Figure S1, all three γ-MnO2 samples are close to the parent structure R-MnO2. This implies that 
the samples mainly contain (2x1) tunnels (see Figure 1b). However, differences in relative intensities 
between experimental and theoretical data can be observed in the 110 and 221 reflections at 1.56 Å-1 and 
3.82 Å-1. This observation indicates that our samples deviate from the ideal R-MnO2 structure.  

PDF analysis shows similarities between samples, as the three PDFs show peaks at the same position with 
intensities of similar magnitude as illustrated in Figure 2a. However, some subtle variations can be 
observed, e.g. the relative intensity and position of peaks in the low-r region as emphasised in Figure 2b. 
These peaks can be assigned to the Mn-O bond in [MnO6] octahedra (1.9 Å), and Mn-Mn in edge-sharing 
(2.8 Å) and corner-sharing (3.4 Å) octahedra (Figure 2c).  

  

Figure 2: Local structure of the γ-MnO2 samples. a) PDFs of samples A (red), B (purple) and C (blue). b) Magnification 
of the low-r region of the PDFs shown in a). c) Illustration of the three first pair distances observed in the PDF. These 
correspond to Mn-O (i), Mn-Mn between edge-sharing (ii) and corner-sharing (iii) [MnO6] octahedra. 



 

The PDFs can be further analysed through modelling. We first use the R-MnO2 structure as model in a 
single-phase fit. However, this structure cannot fully describe the experimental PDFs, as shown in Figure 
S2a and Table S1. For instance, the intensity of the peak at 3.4 Å, corresponding to the Mn-Mn distance 
between two corner-sharing octahedra, is not fully accounted for by the R-MnO2 model. A misfit is generally 
seen across the fitted range. Since γ-MnO2 is an intergrowth of R- and β-MnO2, we next tried a model 
comprising both phases, where parameters from both structures are refined simultaneously as done by 
Galliez et al.29 The results from these refinements are shown in Figure S2b and Table S2. The refinements 
show that the addition of the β-MnO2 phase did not improve the fits compared to those performed using 
only R-MnO2. Again, the PDF peak intensities are not well described.  

Manganese oxides, especially γ-MnO2, are prone to form defects and thereby the misfit is likely associated 
to their presence in the structure. As described above, the presence of Coleman defects manifests in the 
local structure of the γ-MnO2 phase as oxyhydroxide (α-MnOOH or γ-MnOOH) domains. By including such 
nanodomains in the refinements, it may thus be possible to quantify the amount of Coleman defects in the 
samples. Due to the close structural similarities between R-MnO2 and α-MnOOH, i.e. same space group 
(Pnam) and atomic sites, α-MnOOH was not included in the refinements, and only γ-MnOOH was used to 
account for Coleman defects. The refined weight fractions of R-MnO2 and γ-MnOOH are reported in Table 
S3 and the PDFs fits shown in Figure 3a-c. Generally, the addition of γ-MnOOH clearly improves the fit. 
Manganese ions in oxidation state +III undergo Jahn-Teller (JT) distortions42 and the addition of a γ-MnOOH 
phase allows to account for the splitting of the first peak below 2.0 Å in the PDF, relating to Mn-O distances. 
The local range of the PDFs is now well described up to 20 Å, however peak positions begin to deviate in 
the middle and long range. The domain size (sp-diameter) for both the γ-MnOOH and R-MnO2 structure 
refine to ca. 3-4 nm. γ-MnO2 structures are known to display some microtwinning along the 102 and 106 
planes.43 These defects are not taken into account in the present modelling, but may affect the PDF fit. The 
nanostructure of the sample, i.e., the position and distribution of defects are also likely to affect the fit. 

Since we account for Coleman defects using the γ-MnOOH structure, we assume that its weight fraction 
directly relates to the defect concentration in the sample. The refined phase fraction of oxyhydroxide γ-
MnOOH decreases from sample B to C (26.3 and 21.3 %, Table S3), i.e. when the reaction time is increased 
from 3 h (sample B) to 6 h (sample C). However, it is lowest in sample A (19.2 %, Table S3), suggesting a 
further decrease of the amount of Coleman defects when the reaction is carried out at a higher temperature 
(120 °C, sample A vs 80 °C, sample B and C). While the refined cell parameters of R-MnO2 are close to 
the ones of the bulk phase, the ones of γ-MnOOH deviate significantly from the bulk phase, e.g. b = 4.79 Å 
(A) vs. b = 5.27 Å (bulk γ-MnOOH) (Table S3). We relate these effects to the nanostructure of the samples, 
as will be discussed further below. 

Previous studies have shown that Ruetschi defects, i.e. manganese vacancies in the structure, occur in the 
range of 1-4 atomic percent.12,14 Such a low amount of defects in this complex system makes their 
quantification difficult by PDF analysis. Thus, Ruetschi defects were not considered further in the PDF 
analysis. 

 



 

Figure 3: PDF refinements of samples a) A, b) B, and c) C using the R-MnO2 (Pnam) and γ-MnOOH (P21/c) structures. 
The experimental PDF is shown in blue dots, the refined model in red solid line and difference curve in green solid line. 
The contribution of the R-MnO2 and γ-MnOOH phase is shown in purple and brown, respectively. d) XANES spectra 
at the Mn K-edge of samples A, B and C. e) First derivative of the XANES spectra. f) The edge position of each spectrum 
is extracted and plotted against the average oxidation state of manganese in each sample. g) Magnification of the high 
oxidation region of f). 

We further investigated the Coleman defects by performing XANES at the Mn K-edge. The resulting spectra 
are shown in Figure 3d. This technique is sensitive to the oxidation state of the probed element and allows 
extracting the average oxidation state of manganese in the samples. As for other transition metal oxides,44-

46 the manganese oxidation state is linearly correlated with the energy shift of some of the XANES features 
and the edge position can be directly related to the manganese valence. By measuring XANES spectra of 
manganese standards of known oxidation state (Figure S3), it is possible to determine a linear relationship 
between the edge position and the oxidation state of manganese, which is shown for our samples in Figure 
3f. The edge position of each sample’s spectrum is extracted by determining the first inflexion point of the 
spectrum’s first derivative (Figure 3e). By relating these to the edge positions of the standards (Figure 3f), 
the average oxidation state of the samples can be determined to 3.79 +/- 0.06 (sample A), 3.70 +/- 0.06  
(sample B) and 3.73 +/- 0.06 (sample C). Assuming that the samples contain only Mn3+ and Mn4+ species, 
this corresponds to Mn3+ ion fractions of 21 +/- 6 %, 30 +/- 6 %, and 27 +/- 6 % (Table 1). This can be 
interpreted as the presence of Coleman defects. More Mn3+ is thus present in samples synthesised at 80°C 
(B and C) than in the one synthesised at 120°C (A). Furthermore, a smaller fraction of Mn3+ atoms is found 
in C than in B, i.e. when synthesis time is increased. The XANES data show that the manganese ions are 
further oxidised as the synthesis is carried out for a longer time, or at higher temperature, resulting in a 
lower amount of Coleman defects. The results obtained from the XANES data thus agree well with the 



trends from the PDF analysis. However, for all three samples, the estimated amount of Mn3+ by XANES is 
higher than the refined weight fraction of γ-MnOOH from PDF (ca. 5 %). This difference will be discussed 
further below. We note here that the error bars, estimated from the fitting of a Gaussian function to the first 
maximum of the first derivative of each XANES spectrum, show some overlap between the three samples. 
However, the similarity in the trends observed between the PDF and XANES results support the validity of 
the results. 

The analysis presented so far enabled us to quantify Coleman defects, but not Ruetschi defects. Since both 
correspond to the formation of hydroxyl groups within the structure, they can potentially be removed under 
thermal treatment and tracking their mass loss while performing TGA would allow to quantify both types of 
defects. TGA shows four major mass losses when the samples are heated to 600 °C as demonstrated in 
Figure 4. The first one, occurring below 150°C, is assigned to adsorbed water on the surface and is referred 
to as mass loss 0 in the figure. A second mass loss takes place between 150 °C and 270 °C, labelled step 
1 in Figure 4. This can be attributed to the conversion of the MnOOH domains, generated by Coleman 
defects, to Mn2O3 through the release of water molecules, as described by Zhou et al.25 The reaction can 
be described as:  

2MnOOH	 → 	Mn!O" 	+	H!O	(1) 

A steady mass loss (step 2) is observed from 280 °C to 380 °C, which is followed by a steeper one (step 
3) up to 580 °C. Since Coleman defects were healed at lower temperatures, we can assign the water loss 
observed from 280 °C until 420 °C (step 2) to the annealing of Ruetschi defects. The reaction occurring is: 

Mn"𝑉#$O%(OH)% 	→ 	3MnO! 	+ 	2H!O	(2) 

where VMn indicates a Mn vacancy. Step 3 can be attributed to the reduction of MnO2 to Mn2O3, as 
discussed in several reports:22,47 

2MnO! 	→ 	Mn!O" 	+ 	½O!	(3) 

We quantified each mass loss for sample A, B, and C, as presented in Table 1. To do so, the difference of 
mass between the temperatures indicated for each mass loss is determined based on the curves presented 
in Figure 4. The quantity of related H2O is then calculated, assuming that only water is produced (expect 
for mass loss 3 where O2 is released). This quantity is then related to the quantity of sample (assuming its 
chemical composition is MnO2) to estimate the amount of Coleman and Ruetschi defects with respect to 
equations 1 and 2. Note that the temperature range corresponding to each reaction is not the same for the 
three samples. Specifically, the mass loss related to the healing of Coleman defects (step 1) happens at in 
lower temperature range in sample A than in the two others e.g., around 180°C instead of 220°C (see inset 
in Figure 4). This effect may be related to the presence of microtwinning, which is a known phenomenon in 
γ-MnO2 structures.43 In studies on microtwinning in Fe-doped Sr2CoMoO6 nanoparticles, Zhang et al48 
showed mass losses in TGA were shifted towards a lower temperature with higher amounts of 
microtwinning and may thus be present in sample A. However, at this point this hypothesis is of speculative 
nature and is not investigated further in this study. 

 



  

Figure 4: TGA experiments carried out on samples A (2h 120°C), B (3h 80°C) and C (6h 80°C) at a heating rate of 
10 K/min under N2 flow. Mass losses corresponding to 0) the desorption of surface water, dehydroxylation of 1) 
Coleman defects, 2) Ruetschi defects and 3) the reduction of MnO2 to Mn2O3. The inset shows a magnification of mass 
loss 2 of samples A and C. 

As seen from Table 1, sample A shows a significant mass loss (1 %) at step 2, related to the removal of 
Ruetschi defects. The same mass loss may be observed, although in a smaller amount (0.3 %), in sample 
B as well. The results thus suggest that the presence of Ruetschi defects is related to a higher synthesis 
temperature.  

Table 1 furthermore compares the fraction of Coleman defects in sample A, B, and C as determined from 
PDF, XANES and TGA. Generally, the values of the three methods are in reasonable agreement, and the 
same trends are seen. However, for sample B and C, the amount of Coleman defects estimated from PDF 
analysis is lower than the ones from TGA and XANES. While the PDF refinement included only the γ-
MnOOH to account for Coleman defects, this may not be the only environment in which Mn3+ ions can 
potentially insert. As discussed above, Coleman defects can be present in both β- and R-MnO2 parent 
structures as local γ- and α-MnOOH domains.12 The higher amount of Coleman defects estimated from the 
analysis of XANES and TGA data compared to PDF analysis supports that some of the Mn3+ ions may be 
comprised in α-MnOOH domains. 

 

Formation of Coleman and Ruetschi defects 

Having established the presence of defects in the material using several techniques, we now consider their 
formation. The synthesis is performed by reacting MnSO4·H2O with (NH4)2S2O8. The oxidation of Mn2+ by 
S2O82- formally leads to Mn4+ as presented in Eq. 4: 

Mn!& + S!O'!( + 2H!O⟶ MnO! + 2SO%!( + 4H&							(4)						 

However, theoretical studies of the formation pathway of MnO2 suggest that Mn3+ ions in the form of 
MnOOH are present as intermediate species.11 Increasing the reaction time leads to further oxidation of 
Mn3+ ions into Mn4+ and thus MnO2. Coleman defects in γ-MnO2 samples may thus form as protons insert 
into the structure leading to local MnOOH domains, which with time convert into MnO2. This would explain 
why we observe less MnOOH domains in the sample synthesised at 80 °C for 6 h compared to the one at 
80 °C for 3 h (Table 1). As the temperature increases, the conversion rate is increased, explaining why our 
sample synthesised at 120°C for 2h (sample A) contains lower amounts of MnOOH domains than the 
samples synthesised at 80 °C (sample B and C, Table 1).  



We only observe Ruetschi defects in a significant amount in sample A, with an estimated amount of Mn 
vacancies of 3 % (Table 1) in agreement with common ranges of Ruetschi defects found in other γ-MnO2 
samples.12 While sample A (120 °C) is synthesised above the boiling point of water, samples B and C were 
synthesised only at 80°C. With increasing temperature point defects are more likely introduced into the 
structure as the particles form at a faster rate,49,50 trapping hydroxyl groups around the vacant site. 

Defects may be a consequence of fast formation kinetics. It is well known that fast nanoparticle 
crystallisation at higher synthesis temperatures can lead to more defective structures.51,52 These defects 
may anneal as the synthesis is carried out for a longer time and thermal vibrations promote the mobility of 
the ions.  

 

Table 1: Percentage of mass loss related to reactions (1), (2) and (3) occurring during thermal decomposition of 
samples A, B and C. Their chemical formula, amount of Mn vacancies and Mn3+ is estimated based on the mass losses. 
The amount of Mn3+ estimated from XANES and PDF is summarised as well. 

Sample A B C 
Mass loss step 1 [150-270°C]: 
Dehydroxylation of Coleman 

defects [%] 
2.4(1) 3.3(1) 2.3(1) 

Mass loss step 2 [270-380°C]: 
Dehydroxylation of Ruetschi 

defects [%] 
1.0(1) 0.3(1) 0.1(1) 

Mass loss step 3 [380-580°C]: 
Reduction of MnO2 to Mn2O3 [%] 7.5(1) 5.7(1) 6.9(1) 

Chemical formula Mn4+0.75Mn3+0.23O2H0.33 Mn4+0.67Mn3+0.32O2H0.35 Mn4+0.78Mn3+0.22O2H0.23 
%Mn vacancy, Ruetschi defects 

(TGA) [%] 3(1) 1(1) 0(1) 

%Mn3+, Coleman defects (TGA) 
[%] 23(1) 32(1) 22(1) 

%Mn3+, Coleman defects 
(XANES) [%] 21(6) 30(6) 27(6) 

%Mn3+, Coleman defects (PDF) 
[%] 19.2(4) 26.3(5) 21.3(4) 

 

Inelastic neutron scattering and nanostructure analysis  

In the sections above, we were able to quantify the two types of H-related defects in γ-MnO2. However, the 
presence of H was shown only indirectly. This issue can be alleviated using neutron scattering, since 1H 
scatter neutrons strongly compared to oxygen and manganese, allowing to characterise the presence of 
hydrogen directly. Inelastic neutron scattering spectra were therefore collected for the three samples and 
are shown in Figure 5a. Bands below 300 cm-1 and in the range 500-800 cm-1 can be assigned to phonon 
modes of the Mn-O lattice,53 and will not be further analysed here. Two sharp bands are seen at 330 and 
390 cm-1, which can be assigned to OH stretching, as such bands have also been observed in γ-MnOOH 
and in H-rich γ-MnO2 samples by Fillaux et al.16,32 Since Coleman defects in γ-MnO2 structures can be 
related to MnOOH domains, similar bands can be observed in their INS spectra. A broader band is also 
seen above 1000 cm-1, which can be assigned to Mn-OH vibrations inside the tunnels.32 The three bands 
are thus related to the presence of Coleman defects. Since they present similar intensities after 
normalisation over the probed sample mass, no quantitative information may be extracted from the data. 
However, in the previously published INS spectra of pure γ-MnOOH, the band at 1000 cm-1 (Mn-OH 
vibration in tunnels) is the strongest, while the bands below 400 cm-1 are ten times less intense.32 We 
observe the opposite trend in our data (Figure 5a) and relate this to the nanostructure of the material. While 
the band at 1000 cm-1 can be assigned to bulk vibrations of the (OH) groups, the two bands at 330 cm-1 
and 390 cm-1 may be related to surface vibrations. This is confirmed by previous Raman spectroscopy 
studies,19,54 where the two bands in the range 300-400 cm-1 were specifically assigned to stretches of 



surface Mn-OH based on Normal Coordinates analysis. As neutron spectroscopy peak positions can be 
directly compared to Raman spectroscopy, we suggest assigning these bands to these modes of vibration.  

This observation suggests that the Coleman defects are likely present at the surface of the nanoparticles. 
Previous studies on other systems, e.g. CeO2 nanoparticles,55 have shown similar signatures in their INS 
spectra, i.e. strong bands at low wavenumbers, which have been related to the presence of surface 
hydrides and hydroxides. This observation can be generalised to other oxides whose surface often show 
hydroxides.56-59 Sun et al.11 have calculated the surface energy of different manganese compounds 
including oxides and oxyhydroxides, and showed that oxyhydroxide compounds have a smaller surface 
energy than their oxide analogues. This supports the idea that defect-rich γ-MnO2 nanoparticles are 
stabilised by Coleman defects situated at the surface, which lower the surface energy. Furthermore, the 
manganese ions in the oxyhydroxide phase are in oxidation state +III and therefore show JT distortion of 
their crystal field, while manganese in oxidation state +IV, i.e. in MnO2, does not.42 Strain generating JT 
distorted [Mn3+O6] octahedra at the surface could thus stabilise defective γ-MnO2 nanoparticles in a 
metastable state.60 

Oxyhydroxide domains at the surface of the nanoparticles with a MnO2 core implies that the particles can 
be compared to a core-shell architecture, with a R-MnO2-type γ-MnO2 core and a γ-MnOOH-type shell 
structure. As discussed previously, only the local range of the PDFs, up to 20 Å, could be well modelled 
using these two phases (Fig 3a-c). Furthermore, the a and b cell parameters of the refined γ-MnOOH phase 
are far off compared to bulk γ-MnOOH and much smaller (Table S3).61 This mismatch could relate to 
compression stress of the γ-MnOOH-like shell to match the structure of the R-MnO2-rich core of the 
particles. Indeed, the refined b cell parameter of the γ-MnOOH nearly match the one of R-MnO2 (4.79 Å vs 
4.45 Å), supporting the idea that these two phases connect within a single framework. Since Coleman 
defects are mostly localised at the surface of the nanoparticles, it is interesting to point out that a thermal 
treatment removing the corresponding hydroxyl groups through a dehydroxylation reaction would probably 
yield a surface that is rich in anion-site vacancies. A current trend in the study of γ-MnO2 is the generation 
of O-deficient structures for enhancing the availability of metal sites for catalysis.62-65 

 



 

Figure 5: a) INS spectra acquired on samples A (2h 120°C), B (3h 80°C) and C (6h 80°C) at Tosca, ISIS, at 20 K. b) 
Magnification of the low ω region. Illustration of O atoms in a c) pyramidal and d) planar environment. (Mn atoms 
shown in purple, O in red and H in white) 

Previous INS studies on different manganese oxides, including γ-MnO2,32,66,67 have shown that a band 
around 900 cm-1 can be assigned to hydrogen atoms sitting in the vicinity of a vacancy on a manganese 
site, i.e. a Ruetschi defect. A broad band at this wavenumber is indeed present in the INS data of samples 
A and B, and an even broader band is observed for sample C, as emphasised in the green area in Figure 
5a. At low wavenumbers where bands related to collective motions in the structure are expected, a band 
at 75 cm-1 can be most clearly observed in sample C. This band is broader in sample B and nearly absent 
in sample A (Figure 5b). This implies that phonon propagation in B and A is hampered by discontinuities in 
the periodic lattice e.g., by point defects such as Ruetschi defects, in contrast to C. As such, the INS data 
supports the findings from the TGA analysis that Ruetschi defects are present in sample A and B but absent 
in C. The data thus supports the idea that Ruetschi defects form at an early stage of the crystallisation of 
MnO2, which tend to be annealed with time. The structure then reorganises into a more ordered state when 
the synthesis is carried out for a longer time. Concerning the location of Ruetschi defects, it is less evident 
whether they are located in the “core” MnO2 structure or in the MnOOH-like “shell”. However, Ruetschi 
defects are known to be more stable in the R-MnO2 than in the β-MnO2 structure,13 as it is more favorable 
to form hydroxyls in the oxygen pyramidal environment found in R-MnO2 than in the planar one in the β-
MnO2 rutile structure (Figure 5c-d).35 As the Coleman defect-rich shell in our nanoparticles is closely related 
to γ-MnOOH, i.e. a distorted rutile structure structurally related to β-MnO2, it is thus more likely that the 
Ruetschi defects are located mainly in the R-MnO2-type core.  

The INS data in Figure 5a furthermore show an inverse correlation between the sharpness of the band at 
900 cm-1 (related to Ruetschi defects) and the broadening of the band above 1000 cm-1 (related to Coleman 
defects) for the three samples. It has previously been suggested that Coleman and Ruetschi defects 
interact,32 causing a gradual red-shift in the position of the band above 1000 cm-1 when a (OH) group from 
a Coleman defect is closer to a Ruetschi defect. One can argue that the more Ruetschi defects are present 



in the structure, the more likely is their interaction with the Coleman defect-rich shell of the nanoparticles. 
The overlap of many bands with various red-shifts could explain the broadening of the band above 1000 cm-

1 observed in A and to a lesser extent in B. Based on the INS data, we can thus hypothesise that Ruetschi 
defects might be sitting in the outer part of the R-MnO2 core and close to the Coleman defect-rich shell of 
the particles. This is a reasonable assumption as vacancies might act as a buffer to mitigate strains 
generated between the Mn3+ shell and Mn4+ core, caused by JT distortions. Eventually, vacancies might 
even compensate a possible mismatch between the core and shell structures, as has been suggested by 
Turner et al. using HRTEM imaging to investigate natural γ-MnO2 samples.68 

Conclusion 

We have shown that it is possible to control the amount and type of hydrogen-related defects formed in R-
MnO2-like γ-MnO2 nanoparticles by varying time and temperature of a simple hydrothermal synthesis. The 
combination of several characterisation techniques, namely PDF, XANES, TGA and INS, revealed detailed 
information about the nanostructure of these nanoparticles and their defect density. We have shown that 
the γ-MnO2 nanoparticles adopt a core-shell structure with Coleman defects in the shell, i.e. local 
oxyhydroxide domains. In contrast, the core may contain Ruetschi defects located likely at the boundary 
between the core and shell. While the amount of Ruetschi defects increases with temperature, the amount 
of Coleman defects decreases with extended synthesis times. Our results provide a better understanding 
of defect formation, quantification and location in nanoparticulate γ-MnO2. This work could open the way 
for an optimisation of the number of available metal sites and defects through the selection of specific 
synthesis conditions and a subsequent thermal treatment. 
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