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Manganese dioxide, in particular α-MnO2, is one of the advanced inorganic nanomaterials 37 

having wide applications in many areas. Hence, understanding the crystallization 38 

pathways, morphologies, and formation mechanism of defects in its structure is of 39 

particular importance, not only for fundamental science but also for practical 40 

applications. Herein, different physically and chemically based methods, such as Neutron 41 

Diffraction (ND), XRD, SEM, TPR- H2, TGA-DSC, FT-IR, Positron Annihilation 42 

Lifetime (PAL), Doppler Broadening (DB) of positron annihilation radiation, and 43 

Electron-Momentum Distribution (EMD) measurements combined with theoretical 44 

calculations, were utilized to systematically investigate the composition, structure, and 45 

morphology of α-MnO2 nanomaterial under different annealed temperatures. The 46 

investigated material was synthesized at room temperature using a facile chemical method 47 

with potassium permanganate (KMnO4) and ethanol (C2H5OH), prior to being treated by 48 

temperatures of 100 oC – 800 oC. Results demonstrated, for the first time, that the α-MnO2 49 
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nucleation can be formed even at room temperature and gradually developed to α-MnO2 50 

nanorods at 600 oC. This novel finding, which cannot be explored by conventional XRD, 51 

was confirmed by ND analysis. In addition, PAL analysis combined with theoretical ab 52 

initio calculations indicated the existence of H+ ions in the tunnel [1x1] of α-MnO2. At the 53 

same time, DB and EMD measurements explored the presence of Mn and O vacancies in 54 

α-MnO2 crystals at low temperatures. Finally, the present study reported a remarkable 55 

finding that organic molecules may act as reactants as well as templates, which are 56 

entirely decomposed and disappeared at highly annealed temperatures. 57 

Understanding the crystallization pathways plays a key role in controlling the morphology 58 

and structure of nanomaterials. This will create suitable synthesized materials for applications 59 

in different areas. Manganese dioxide (MnO2) in its nanostructure is one of the advanced 60 

inorganic materials having wide applications in dry-cell batteries1, catalytic oxidation2, ion-61 

exchange3, molecular adsorption4, solar energy conversion5, etc. Generally, MnO2 consists of 62 

5 crystallographic α, β, γ, δ, and l structures6, among which α-MnO2 is well-known as a 63 

precursor material commonly used in electrochemical sensors7, catalysts8, cathodes of lithium 64 

or Mg batteries9,10 and molecular sieves11, owing to its unique physical and chemical properties.  65 

In order to investigate the morphology, structure, and specific properties of MnO2 66 

nanomaterials, many physical and chemical methods have been applied. Common physical 67 

methods are powder X-ray diffraction (PXRD), electron microscope (SEM or TEM), infrared 68 

spectroscopy (IR), and Raman scattering, whereas regular chemical methods include thermal 69 

gravimetric analysis and differential scanning calorimeter (TGA-DSC), surface area and porous 70 

size (BET-BJH) analysis, and temperature-programmed reduction (TPR). Although physical 71 

methods have been popularly used to study the structure and chemical bonding of 72 

nanomaterials, they are not effective in determining the material components as well as defects 73 

and porous structures exiting outside the material framework under different crystallization 74 

conditions12,13. Similarly, chemical methods, which are often used to measure the phase 75 

transitions and porous components of materials, cannot exactly determine chemical components 76 

of the materials having multi-oxidations as manganese (Mn)12,14,15. 77 

Regarding the synthesis process, various methods have been applied to synthesize α-MnO2, 78 

such as thermal decomposition16,17, chemical method1, sol-gel method18,19, hydrothermal 79 

method20,21, microwave technique22, etc. Among them, hydrothermal methods are mostly 80 

preferred due to their simple operation and ability to obtain large and high-quality crystals while 81 

maintaining reasonable control of their shape and chemical composition20. Sol-gel methods are 82 

sometimes used because of their simple, homogenous, reliable, reproductive, and controllable 83 

features18. Both methods, however, are facing problems with high fabrication cost and long 84 

decomposition time23. This problem can be solved using chemical methods, owing to their 85 

simplicity, low cost, quick preparation, and easy-to-control both particle size and material 86 

composition24. For instance, Subramanian et al. reported that MnO2 agglomerated nanosheets 87 

and nanowhiskers can be formed via a reaction between KMnO4 and different alcohols such as 88 

ethanol, methanol, and pentanol25. However, crystalline structures of these materials as well as 89 

their crystallization pathways were not determined. Using the same reaction, Chodankar et al. 90 

synthesized α-MnO2 thin films and studied their formation mechanism based on an idea of 91 

nucleation26. Nevertheless, the nucleation structure and crystallization pathways of α-MnO2 92 

were not investigated. Recently, by combining experimental methods with theoretical studies, 93 

Chen et al. have indicated the effects of potassium ion concentrations on different 94 
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crystallization pathways of α-MnO2 synthesized by using the hydrothermal method27. In fact, 95 

the α-MnO2 crystallization pathways were proposed based on an introduction of multistage 96 

nucleation, but such a nucleation stage has never been observed and/or determined so far. 97 

Furthermore, the effect of ions on the characteristic tunnels of nanostructured α-MnO2 has not 98 

also been reported. 99 

In the present study, we combine, for the first time, different physical, chemical, and 100 

nuclear analytical methods together with theoretical calculations in order to have a 101 

comprehensive understanding on the crystallization pathways of nanostructured α-MnO2 102 

formed via a reaction between ethanol and KMnO4, in which effects of temperature and reactant 103 

on the formation of α-MnO2 crystalline structure will be studied in detail. In particular, the 104 

nucleation of α-MnO2 occurred even at the room temperature will be demonstrated, whereas 105 

the impact of ions on the characteristic tunnels of α-MnO2 as well as the structural defects 106 

existed inside the material will be also discussed. 107 

TPR-H2 analysis. Supplementary Fig. 1 shows the TPR-H2 profiles of the A, A200, A400, 108 

and A600 samples. It is worth mentioning that the reduction of MnO2, in general, should be 109 

proceeded through three stages18,19,26,28. First, MnO2 is converted to Mn2O3 (Eq. 1). Second, 110 

Mn2O3 is changed to Mn3O4 (Eq. 2) and finally reduced to MnO as temperature reaches the 111 

highest value (Eq. 3). All TPR profiles in Supplementary Fig. 1 are deconvoluted using the 112 

peak fit 4.12 program with Gaussian-type functions and the results are presented in Fig. 1. It 113 

can be seen that the reduction temperature of MnOx increases with increasing the annealed 114 

temperature. This observation suggests a subsequent increase in the size of MnOx particles with 115 

increasing temperature. When temperature is low as in the A and A200 samples, the size of 116 

MnOx particles is rather small and the endothermic reaction requires low energy only. Those 117 

small particles tend to coagulate to form crystals and/or nanorods. As temperature is high as in 118 

the A400 and A600 samples, higher energy consumption is required for the endothermic 119 

reaction to be occurred. This feature entirely agrees with those seen in the SEM images in Fig. 120 

2. Moreover, the calculated H2 uptakes are found to be similar for all samples (around 1.1 x 103 121 

µmol.g-1) as indicated in Supplementary Table 1. Taking into account the H2 consumption in 122 

a temperature range of 100 oC-500 oC, a mean oxidation state of 4 is obtained for Mn in all 123 

studied samples. The above TPR-H2 results, therefore, clearly indicate that all studied samples 124 

used in the present work are pure and have the same chemical formula to be MnO2.  125 

,    126 

,    127 

.   128 

2 2 2 3 2
2MnO +  H   Mn O  +  H O  ¾¾® (1)

2 3 2 3 4 2
3Mn O  + H   2Mn O +  H O ¾¾® (2)

3 4 2 2
Mn O  +  H   3MnO  +  H O ¾¾® (3)
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 129 

Fig. 1. TPR-H2 profiles of different MnOx samples according to three stages: (1) MnO2 130 

® Mn2O3, (2) Mn2O3 ® Mn3O4, and (3) Mn3O4 ® MnO. 131 

SEM analysis.  SEM images of all studied samples are shown in Fig. 2. It is seen that the A 132 

sample has a porous surface with a large number of small particles. Some short nanowires 133 

similar to corals were formed in this sample. At 200 oC (A200 sample), these particles seem to 134 

be clumped, suggesting a decrease in the material’s surface area. The nanowires are then 135 

noticeably grown above this temperature. At 400 oC, a heterogeneous surface structure 136 

including nucleation and nanorods is seen (A400 sample). Hence, temperature directly affects 137 

the development of α-MnO2 crystalline structure from nucleation to nanorods. Above 500 oC, 138 

α-MnO2 nanorods reach their complete structure, which can be seen via the XRD patterns in 139 

Fig. 4a and extracted unit cell sizes in Supplementary Table 2. 140 
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 141 

Fig. 2. SEM images of all studied samples at different annealed temperatures.  142 

TGA-DSC analysis. TGA-DSC analysis was carried out (in the atmosphere) for the A sample 143 

and the results are depicted in Fig. 3a. This figure shows two endothermic and two exothermic 144 

processes when temperature increases from 40 oC to 1000 oC. Obviously, there is a low 145 

endothermic peak at 98.38 oC related to the loss of absorbed water molecules and organic 146 
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compounds under synthesis conditions with a weight loss of about 7.67%. The second 147 

endothermic peak corresponding to the melting with a weight loss of nearly 3.93% is recorded 148 

at 913.63 oC. An exothermic peak at 195.84 oC, which corresponds to the decomposition of 149 

alkyl groups with a weight loss of approximately 4.31%, is also observed. Another exothermic 150 

peak seen at 522.38 oC is attributed to the crystallization as the associated weight loss is almost 151 

zero. Hence, it can be concluded here that alkyl groups have contributed to the formation of 152 

MnO2 structure but they disappear as temperature becomes higher than 200 oC, prior to the 153 

crystallization of α-MnO2
 at 522.38 oC.  154 

 155 

Fig. 3. TGA-DSC of MnO2 powder (A sample) in air (a) and FT-IR spectra of MnO2 156 

samples (b) 157 

FT-IR spectroscopy. FT-IR spectra of all samples recorded in a wavenumber range of 4000 158 

cm-1 – 400 cm-1 are shown in Fig. 3b. Spectra of A, A200, A300, and A400 samples have two 159 

sharp specific peaks at approximately 3400 cm-1 and 1600 cm-1, which are related to –O–H 160 

group of alcohol and C=O bond in carbonyl group of aldehydes, respectively. These peaks 161 

completely disappear above 500 oC. Some peak shifts associated with Mn–O bonds from 580 162 

cm-1 to nearly 530 cm-1 when temperature rises from 100 oC to 400 oC are clearly observed. 163 

These interesting peak shifts can be interpreted as follows. Under the synthetic conditions, 164 

oxygen atoms in unit cells of [MnO6] can interact with manganese atoms and alkyl groups, 165 

similar to those obtained from the TGA-DSC analysis in Fig. 3a. With increasing temperature, 166 

the decomposition of alkyls occurs, resulting in a reduction of the bonding length of Mn–O, 167 

which completely agrees with the reduction of unit cell sizes detected by the XRD patterns in 168 

Fig. 4a. These results consequently lead to a shift of the wavenumber around the 580 cm-1 peak. 169 

XRD analysis. XRD spectra presented in Fig. 4a show that the peak intensities of A, A200, 170 

A300, and A400 samples are rather low and no specific peak of MnO2 crystallinity is seen in 171 

these samples. The remain samples (from A500 to A800) clearly exhibit intensive characteristic 172 

peaks of α-MnO2 with a pure tetragonal phase (JCPDS no. 44-0141) observed at 2q = 13.17, 173 

18.71, 26.73, 29.96, 38.24, 39.31, 40.73, 45.21, 47.90, 54.58, 58.81, 64.30, 68.41, and 72.26 174 

degrees. These diffraction angles are associated with (110), (200), (220), (310), (400), (211), 175 

(301), (510), (411), (600), (521), (002), (541), and (312) diffraction planes, indicating that there 176 

should be no crystalline phase existed in the A, A200, A300, and A400 species. This result is 177 

absolutely consistent with the above TGA-DSC analysis for the crystallization at 522.38 oC. 178 

However, SEM images in Fig. 2 reveal a completely different behavior, namely the 179 

crystallization gradually occurred to form nanowires as temperature is varied from 100 oC to 180 

400 oC (Figs. 2a-2d). This contradiction between XRD analysis and SEM pictures can be 181 

explained by the fact that the α-MnO2 nucleation together with α-MnO2 crystals with relatively 182 
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small size have been possibly formed at room temperature, prior to growing to α-MnO2 183 

nanorods as temperature is increased. This phenomenon can be confirmed by using the ND 184 

analysis presented in Fig. 4b. 185 

ND analysis. Fig. 4b shows the ND patterns of A and A600 samples. The presence of broad 186 

diffraction peaks in the A sample is clearly observed, which indicates the formation of 187 

nanoparticles. The positions of these peaks at the d-spacings around 1.2 Ȧ, 2.15 Ȧ and 2.4 Ȧ 188 

can be associated with the tetragonal crystalline structure of α-MnO2. In the diffraction patterns 189 

of A600 sample, the diffraction peaks become better resolved. They can be assigned to the 190 

characteristic reflections of α-MnO2 crystals at d-spacings (h, k, l) of 1.11 Ȧ (8, 1, 1), 1.19 Ȧ 191 

(3, 2, 3), 1.89 Ȧ (5, 1, 0), 2.11 Ȧ (0, 3, 1), and a strong double peak corresponding to the 192 

reflection (3 3 0) at 2.27 Ȧ and (1 2 1)/(2 1 1) at 2.35 Ȧ as indicated by the fitting curve in Fig. 193 

4b29. Upon the annealing, diffraction peaks become sharper, evidencing an increase of particle 194 

size related to the SEM observation in Fig. 2. These results of ND measurement are fascinating 195 

as they clearly demonstrate that the nucleation together with small-size crystals of α-MnO2, 196 

which cannot be explored by XRD and other methods, have been formed already at room 197 

temperature. Such a different observation between ND and XRD measurements can be well 198 

understood because of different scattering properties of neutrons and X-rays, that is, X-rays are 199 

best suited for materials with shallow depths or thin specimens, whereas neutrons with high 200 

penetration depth are well applied for bulk samples like α-MnO2
30.  201 

 202 

Fig. 4. XRD spectra of MnOx samples at different temperatures (a) and neutron 203 

diffraction spectra of A and A600 samples (b). Lowest vertical red sticks stand for the 204 

reference diffraction indices associated with XRD and ND peaks. 205 

PAL analysis. PAL spectra are presented in Fig. 5a, whereas positron lifetime data are given 206 

in Supplementary Table 3. Two positron lifetime components (τ1 and τ2) were found for all α-207 

MnO2 samples (from A to A600). The lifetimes τ1 and τ2 are insignificantly changed in the A 208 

and A200 samples, implying that annealing temperature of 200 oC is insufficient to change the 209 

basic structure of α-MnO2. However, τ1 is strongly decreased from τ1 = 0.174 (0.177) ns in A 210 

(A200) to τ1 = 0.137 (0.143) ns in A400 (A600), whereas τ2 is slightly reduced from τ2 = 0.457 211 

(0.422) ns in A (A200) to τ2 = 0.361 (0.384) ns in A400 (A600). This decrease of τ1 and τ2 with 212 

increasing temperature has a close relationship with the reduction of unit cell sizes in α-MnO2 213 

crystals extracted from XRD spectra (Supplementary Table 2). Moreover, the theoretical ab 214 

initio calculations for positron lifetimes in different structures of MnO2 (α, β, and γ-MnO2) in 215 

Supplementary Table 4 show that the calculated positron lifetime in the tunnel [2x2] of α-216 

MnO2 (0.375 ns) agrees well with the experimental τ2 values for the A400 (0.361 ± 0.008 ns) 217 
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and A600 (0.384 ± 0.009 ns) samples given in Supplementary Table 3. This result strongly 218 

supports our above observation of α-MnO2 nanorods above 400 oC (Figs. 2 and 4). Moreover, 219 

the calculated positron lifetime in the tunnels [1x1] of α-MnO2 (0.154 ns) is slightly higher than 220 

the experimental τ1 values of A400 (0.137 ± 0.007 ns) and A600 (0.143 ± 0.006 ns) samples. 221 

Such a difference between the simulated and measured τ1 values might be due to the existence 222 

of H+ ions in the tunnel [1x1] of α-MnO2 to be discussed hereafter. 223 

DB and EMD measurements. It is worthwhile to mention that some lattice defects in the forms 224 

of mono-vacancy can contribute to the increase of bulk positron lifetime31. Hence, the 225 

contribution of defects to the positron lifetime τ1 should be properly considered. This 226 

contribution can be investigated by using DB and EMD measurements. Annihilation parameters 227 

of DB measurement are shown in Figs. 5b and 5c and Supplementary Table 5. In Fig. 5b, the 228 

highest value of S parameter for the A sample suggests the highest concentration of mono-229 

vacancy defects at low temperature, due to which the values of τ1 in the A and A200 samples 230 

are higher than those in the A400 and A600 species. The lowest value of W parameter for the 231 

A sample reveals a different annihilation environment as compared to other samples. This 232 

interesting result reconfirms the existence of organic compound in the A sample predicted 233 

previously by TGA-DSC and FT-IR analyses. Moreover, the correlated plot of S and W 234 

parameters in Fig. 5c implies that there should be a similar type of defects existed in the A200, 235 

A400 and A600 samples, whereas the A sample contains a completely different defect. Fig. 5d 236 

depicts the ratio curves of EMD in the A – A600 species to that of a pure single-crystal silicon, 237 

which is used for reference. In this figure, all the peaks appear around an electron momentum 238 

of 14 x 10-3 m0c related to the positron annihilation by 2p electrons of O32. These peaks suggest 239 

that some mono-vacancies of Mn were possibly formed in all samples. A shoulder-like peak 240 

appearing in the range of 15 – 19 x 10-3 m0c, which describes the positron annihilation by 3d 241 

electrons of Mn, is seen for the A sample only. The appearance of this shoulder-like peak 242 

indicates a possible existence of O vacancies in the A sample, similar to that reported for ZnO 243 

materials33. Hence, the A sample should contain both vacancies of Mn and O, whereas other 244 

samples mostly contain mono-vacancies of Mn. This result, which has not been reported in any 245 

research so far, indicates that thermal treatment seems to remove mono-vacancies of O from 246 

the samples or increasing temperature would lead to an increase of mono-vacancy concentration 247 

of Mn in the samples. 248 
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 249 

Fig. 5. Positron lifetime spectra (a), S and W parameters of Doppler broadening 250 

measurements (b), and correlated plot of S and W parameters (c) for A-A600 samples. 251 

(d) Ratio curves of electron momentum distribution of A-A600 samples to a reference 252 

pure single-crystal silicon.  253 

Existence of H+ ions in α-MnO2 tunnels. As discussed in the PAL analysis above, the 254 

difference between the simulated and measured τ1 values might come from the presence of H+ 255 

ions in the tunnel [1x1] of α-MnO2. We, thus, carried out the ab initio calculations by placing 256 

H+ ions with different Mn:H ratios in the tunnel [1x1] of α-MnO2. The calculated positron 257 

lifetimes in this case are found to be shorter than that obtained without H+ doping as shown in 258 

Supplementary Table 6. By combining the experimental and calculated positron lifetimes in 259 

Supplementary Tables 3 and 5, one could easily find that the experimental lifetimes τ1 of 260 

A400 (0.137 ± 0.007 ns) and A600 (0.143 ± 0.006 ns) samples are close to their calculated 261 

values (0.149 ns and 0.129 ns for Mn:H ratios of 0.5 and 1, respectively). This indicates the 262 

possible existence of H+ ions in the tunnel [1x1] of α-MnO2 due to high temperature treatment 263 

(above 400 oC), which cannot be explored by either XRD and/or ND measurements. 264 

B.E.T and B.J.H analyses. Surface area (SBET) and pore diameter of the A, A200, A400, and 265 

A600 samples are shown in Supplementary Table 7. Surface area is decreased from 122 to 28 266 

m2/g when temperature is increased from 100 oC to 600 oC, respectively. Obviously, the A 267 

sample has the highest SBET value because of its nucleation and small-size crystals at 100 oC. 268 

There is a slight decrease of SBET due to aggregation when temperature is increased from 100 269 

oC to 200 oC. With increasing temperature to 400 oC, SBET is dropped by a factor of 2 (to 60 270 

m2/g). Finally, SBET is decreased dramatically when temperature reaches 600 oC at which the α-271 

MnO2 nanorod structure is completely developed (Fig. 2). In addition, B.J.H analysis also 272 

reveals the mesoporous structure of all studied samples because their pore sizes determined 273 

from this B.J.H are higher than 2 nm but less than 50 nm34,35.   274 
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The present study reports, for the first time, a novel evolution of α-MnO2 nanomaterial 275 

synthesized using a facile chemical method at different temperatures from 100 oC to 800 oC. 276 

Crystallization pathways, morphologies and structural defects of the synthesized materials are 277 

studied in detail by combining the physical, chemical, and nuclear analytical methods together 278 

with theoretical calculations. Results obtained show that the nucleation of α-MnO2 can be 279 

formed even at room temperature. This surprising result, which cannot be determined by using 280 

the conventional XRD method, is confirmed by the neutron diffraction and positron annihilation 281 

lifetime measurements combined with the calculated positron lifetime. The evolution of 282 

crystalline structure with temperature can be seen by using TGA-DSC analysis and SEM 283 

images, in which the α-MnO2 nucleation and small-size crystals are grown to nanowires as 284 

temperature is increased from 100 oC to 400 oC, prior to forming nanorods above 500 oC. This 285 

growth directly affects the material’s surface area and morphology as can be seen in B.E.T and 286 

B.J.H analyses. Moreover, by comparing experimental positron lifetimes with simulated results, 287 

we have found an possible existence of H+ ions in the tunnel [1x1] of α-MnO2 with the ratio of 288 

Mn:H ranging from 0.5 to 1. This is the first experimental evidence supported by theoretical 289 

calculations showing such an existence of H+ ions in the tunnel [1x1] of α-MnO2. Another 290 

notable result obtained within the present study is that organic molecules not only play as 291 

reducing agents in the oxidation-reduction reaction between KMnO4 and C2H5OH but also act 292 

as templates, which gradually form nanorods from nucleation. This finding is consistent with 293 

the FT-IR analysis and positron lifetime measurements. The present study is, therefore, of 294 

particular important as it provides detailed and profound views on the crystallization pathways, 295 

morphologies and structures of nanomaterials as α-MnO2, which are fundamental information 296 

for their applications in diverse areas.  297 

Methods 298 

Materials synthesis. MnO2 nanomaterial was synthesized using a facile chemical method 299 

based on the oxidation-reduction reaction between saturated KMnO4 solution and C2H5OH 300 

alcohol as Eq. 4. The synthesis procedure is illustrated in Supplementary Fig. 2. Herein, 30 301 

grams of KMnO4 was dissolved in 500 mL of deionized water to obtain the saturated KMnO4 302 

solution. This solution was then gradually added into 250 mL of C2H5OH alcohol with a 303 

dropping speed of 2 mL/mins. The reaction was performed within 24 h with 1200 revolutions 304 

per minute (rpm). After that, the obtained solid powder was washed with distilled water, prior 305 

to being stored in the oven at 100 oC.  306 

2KMnO4 + 3CH3CH2OH ® 2MnO2 + 3CH3CHO + 2H2O + 2KOH.  (4) 307 

The obtained MnO2 samples were divided into different portions based on their annealed 308 

temperatures. The portions abbreviated by A200 to A800 correspond to those annealed by 309 

temperatures of 200 oC to 800 oC, respectively. The sample denoted by A is the original sample 310 

synthesized at room temperature and then annealed to 100 oC to remove the absorbed water. 311 

Characterizations. Powder X-ray diffraction (PXRD) measurements were performed using a 312 

X-ray diffractometer D8 Advance Eco (Bruker) equipped with a Cu-Kα radiation source (λ = 313 

1.54056 Å). Scanning electron microscopy (SEM) was carried out by a S-4800, Hitachi, Japan. 314 

Temperature programmed reduction (TPR) experiments were operated using an AMI-902 315 

(Altamira) analyzer equipped with a TCD detector. In the TPR experiment, all samples were 316 

pre-treated under Ar at 400 oC for 30 minutes and cooled down to 50 oC under Ar atmosphere. 317 

The reduction step was carried out from 100 oC up to 500 oC under 1 % H2 in Ar with a heating 318 

rate of 5 K.min-1. A TRISTAR 3020 Micrometrics apparatus and a ASTM D 3663 procedure 319 

were used to evaluate the surface areas (SA) and pore volumes (PV) of all samples. Prior to the 320 
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measurement, the samples were degassed at 260 oC for 4 h in N2 using SmartPrep 065 degassing 321 

unit. 322 

Neutron diffraction (ND). ND experiments were carried out at the IBR-2 high flux pulsed 323 

reactor at Joint Institute for Nuclear Research (Dubna, Russia). In this experiment, a DN-6 324 

diffractometer36  was used to measure two powder samples of α-MnO2 (A and A600 samples). 325 

The measurements were performed at a scattering angle of 90o with a resolution Δd/d = 0.015 326 

at the ambient temperature. The experimental data were analyzed by Rietveld method using the 327 

FullProf program37. 328 

Positron annihilation lifetime (PAL). A conventional fast-fast coincident analog system 329 

(Ortec Co. Ltd) and a digital positron lifetime spectrometer APV8702 (TechnoAP Co. Ltd.) 330 

were used to measure the positron lifetimes. The former consists of two plastic scintillation 331 

detectors (Ortec)38, whereas the latter contains two photomultipliers H3378-50 coupled with 332 

BaF2 scintillators39. The time resolution of spectrometers at the full-width half maximum is 333 

about 180 – 200 ps. A radioactive isotope 22Na was used as the positron source encapsulated 334 

into a titanium foil of 7 µm thickness with an activity of about 27 µCi. Two identically prepared 335 

samples were placed on both sides of the positron source in order to detect the coincident 336 

events39. 337 

Doppler broadening (DB) of positron annihilation radiation and electron momentum  338 

distribution (EMD). A HPGe detector (ORTEC GEM25P4-20) with an energy resolution of 339 

1.20 keV at the 511 keV energy peak (annihilation peak) was used to obtain the DB spectra. In 340 

this DB measurement, two parameters S and W are often used to describe the quanta resulting 341 

from positron annihilation with valence and core electrons, respectively40. Here, S is determined 342 

by the ratio of the area under the center of annihilation peak to the total peak area, whereas W 343 

is calculated based on the ratio of the areas under the wing regions on both sides of annihilation 344 

peak to the total peak area33. The longitudinal electron momentum can be converted from DB 345 

spectra. It is well-known that the electron momentum has a close relation with positron 346 

annihilation sites, which can be used to determine the types of defect and information about 347 

surrounding atoms. In this analysis, the EMD is obtained based on the ratio of the normalized 348 

spectra of the samples to the normalized spectrum of a standard single-crystal silicon used for 349 

reference33,38.   350 

Ab initio calculation of positron lifetime. Numerical calculations for positron lifetime in 351 

MnO2 phases were carried out using PAW formalism implemented in ABINIT v 8.4.441. PAW 352 

potentials for Mn, O, K, and H were taken from the pseudopotential ABINIT JTHv1.1 353 

repository42,43. A K-point space was sampled by a 6×6×6 Monkhorst–Pack set, which 354 

corresponds to 12 K-points41. The bulk positron-lifetime computations were performed on 96 355 

atoms of Mn and O supercell constructed on the basis of unit cell44,45. The calculations with 356 

filled tunnels by hydrogen atoms with different ratios of Mn:H were carried out as given in 357 

Supplementary Table 7. For practical calculations, an enhancement factor of the Boronski-358 

Nieminen in the limit of RPA parametrization was used46.  359 

 360 

 361 
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 532 

Supplementary Figure 1. TPR-H2 plots for different MnOx samples  533 

 534 

 535 

Supplementary Figure 2. Illustration of synthesis procedures of MnO2 via a facile 536 

chemical method 537 

Supplementary Table 1.  H2 uptake and experimental formula of MnOx 538 

Sample TPR peak position (oC) H2 uptake 

(µmol.g-1) 

x Experimental 

Formula 1 2 3 

A 256 293 303 11038 1.952 MnO1.952 

A200 280 305 321 11101 1.959 MnO1.959 

A400 302 326 338 11507 2.001 MnO2.001 

A600 357 364 378 11560 2.005 MnO2.005 

 539 
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Supplementary Table 2. Unit cell sizes of A400-A800 samples calculated from XRD 540 

patterns 541 

Sample Unit cell size (XRD) 

a = b (Ȧ) c (Ȧ) Cell volume (Ȧ3) 

A400 9.78450 2.88550 276.2476 
A500 9.77659 2.87625 274.9167 
A600 9.77128 2.87576 274.5712 
A700 9.76160 2.87708 274.1536 
A800 9.77871 2.87594 275.0068 

 542 

Supplementary Table 3. Experimental positron lifetimes τ and their intensities I 543 

obtained for all studied samples 544 

Sample τ1 (ns) τ2 (ns) I1 (%) I2 (%) 

A 0.174 ± 0.006  0.457 ± 0.009 45.70 ± 1.22 54.30 ± 1.41 

A200 0.177 ± 0.005 0.442 ± 0.010 46.13 ± 1.37 53.87 ± 1.83 

A400 0.137 ± 0.007 0.361 ± 0.008 36.69 ± 0.97 63.31 ± 1.92 

A600 0.143 ± 0.006 0.384 ± 0.009 40.54 ± 1.02 59.46 ± 1.84 

 545 

Supplementary Table 4. Calculated positron lifetimes for different tunnel structures of 546 

MnO2 547 

MnO2 structure Positron lifetime (ns) 

β-MnO2 for tunnel [1x1]  0.152 

γ-MnO2 for tunnel [1x2] 0.190 

α-MnO2 for tunnel [1x1] 0.154 

α-MnO2 for tunnel [2x2] 0.375 

 548 

Supplementary Table 5. Annihilation parameters W and S of Doppler broadening 549 

measurements 550 

Sample S  W 

A 0.51901 ± 0.00065  0.002390 ± 0.000036 

A200 0.51683 ± 0.00062 0.002916 ± 0.000038 

A400 0.51843 ± 0.00064 0.002964 ± 0.000039 

A600 0.51596 ± 0.00064 0.002892 ± 0.000039 

 551 
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 552 

Supplementary Table 6. Calculated positron lifetimes in the tunnel [1x1] of α-553 

MnO2 doped with H+ ions using different Mn:H ratios 554 

Mn:H ratio Positron lifetime (ns) 

0.5 149 
1.0 129 
1.5 119 
2.0 112 

 555 

Supplementary Table 7. B.E.T surface area and B.J.H pore diameter 556 

Sample B.E.T surface area (m2/g) Pore size (nm) 

A 122 10.9 – 11.7 

A200 109 11.5 – 12.1  

A400 60 10.6 – 13.9  

A600 28   7.8 – 10.1  

 557 



Figures

Figure 1

TPR-H2 pro�les of different MnOx samples according to three stages: (1) MnO2  Mn2O3, (2) Mn2O3 
Mn3O4, and (3) Mn3O4  MnO.



Figure 2

SEM images of all studied samples at different annealed temperatures.



Figure 3

TGA-DSC of MnO2 powder (A sample) in air (a) and FT-IR spectra of MnO2 samples (b)

Figure 4

XRD spectra of MnOx samples at different temperatures (a) and neutron diffraction spectra of A and
A600 samples (b). Lowest vertical red sticks stand for the reference diffraction indices associated with
XRD and ND peaks.



Figure 5

Positron lifetime spectra (a), S and W parameters of Doppler broadening measurements (b), and
correlated plot of S and W parameters (c) for A-A600 samples. (d) Ratio curves of electron momentum
distribution of A-A600 samples to a reference pure single-crystal silicon.


