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Abstract 

Cryptomelane (2-xKx)[Mn8O16] is an octahedral molecular sieve with the hollandite 

framework, a strongly correlated electron system with tunnel structure. Rietveld refinement 

using powder X-ray diffraction patterns of a nanocrystalline sample was undertaken to assess 

both structural and morphological details which might be tuned for specific applications. The 

distribution of peak widths was highly anisotropic but successful refinement of the tetragonal 

structure could be achieved assuming both grain shape and microstrain anisotropy. The 

microstrain hypothesis appeared flawed from high uncertainties and correlations and was in 

conflict with the negative slope of a Williamson-Hall plot. As an alternative, lattice 

desymmetrization from tetragonal to monoclinic was considered. Comparison of calculated 

and observed hkl dependence of line broadening confirmed that the pseudosymmetry 

hypothesis was more appropriate, improving results for both structure and particle shape. This

is the first time that lattice desymmetrization was used to explain anisotropic diffraction line 

broadening, a major issue in nanomaterials where peaks are intrinsically broad and the new 

model helps to abate correlations. 

KEYWORDS 

potassium hollandite, metal oxide semiconductors, grain size, grain shape, microstrain, 

desymmetrization 
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1. Introduction 

Cryptomelane and its derivatives (2-xAx)[Mn8O16], A=Li,Na,K,Rb,Cs,Ag), like other 

octahedral molecular sieve structures with large tunnels, are intensively studied for many 

applications. They are widely recognized redox catalysts substituting and outperforming noble

metals, e.g. for the total oxidation of formaldehyde [1-3] and benzene [4,5] (two important 

carcinogens) or for selective oxidation reactions like alcohol to ketone [6-9]; they have been 

proposed for CO2 capture [10] and might also be able to intercalate N2 [11]; they have been 

studied for chemical sensors [12-14] and multiferrroics [15]; and they are now at the centre of

attention for electrodes in batteries [16-21], as well as for Faradaic electrodes in 

supercapacitors either in high power electrochemical cells [22-24] or in capacitive water 

deionization [25,26] and its reverse, the harnessing of energy from a salinity gradient [27]. 

For most of these applications, the particle size is of fundamental importance and 

nanoparticles are preferred. In heterogeneous catalysis, reactions take place at the surface of a 

solid [7,8]; in gas chemical sensors the target gas is adsorbed at the grain surface and causes 

the build up of electrostatic potentials which modify the electric conductivity used to get the 

concentration and identity of the gas [28-30]; and in electrodes, where the crystal structure 

determines the ion-exchange capacity, short diffusion lengths from the surface to the bulk are 

required to improve reaction rates [23,24,26].

The development of new materials must therefore consider both particle size and crystal 

structure. The crystal structure defines the geometry of the facet at the surface which is 

thought to be fundamental for the interaction with molecules [3, 31] but there are also details 

regarding composition [4, 21, 32, 33], symmetry [21, 33, 34], electronic structure [31, 32] and

intracrystalline diffusion [33] which may be of crucial importance in many of the above cited 

applications. 

Here, we present the Rietveld refinement of a synthetic nanocrystalline cryptomelane, a 
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potassium hollandite structure that has the unit cell composition (2-xKx)[Mn3+
xMn4+

8-xO16] 

and that is based on an open framework of MnO6 octahedra (in brackets) where variable 

quantities of potassium (0≤x≤2 per unit cell) are accommodated in a tunnel running along the 

crystallographic c axis (Fig. 1). The positive charge of potassium is compensated by a 

Mn4+→Mn3+ substitution in the framework which changes the electron configuration of 

manganese from 3d3 to 3d4, with possible consequences on electronic structure and band gap 

of the semiconductor. On the other hand Mn3+, in its high-spin configuration, is known [35] to

be subject to a strong Jahn-Teller effect which might be recognized from a distortion of the 

Mn-O octahedral bond distances. It was therefore important to conduct the Rietveld 

refinement appropriately in order to get exact information about the degree of substitution x 

and possible octahedral bond length distortions along with a correct description of the particle

size.

The Rietveld method has initially been developed for the refinement of crystal structures 

where single crystals were not available. In this context, width and shape of the peaks had to 

be well simulated in order to optimize the extraction of intensities, but their physical meaning 

was of subordinate interest. During the 90's, profile models were improved (e.g. [36-38]) and 

it became eventually routine [39,40] to use profile parameters for getting information about 

the microstructure of a sample. In nanomaterials, grain1 size is the dominant cause for line 

broadening, which may vary with the direction of the diffraction vector if the shape deviates 

from spherical, but microstrain is another source of (generally anisotropic) line broadening 

which is frequently observed. It is a well known problem [39] that, in many cases, grain size 

and microstrain parameters tend to correlate in Rietveld refinements, and special care 

regarding the number and choice of refined parameters is needed to obtain meaningful results.

In our refinement, we started keeping the number of profile parameters as low as possible, 

1 We use “grain”, shortly, for the coherently diffracting domain or “crystallite”
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but soon it became clear that grain size anisotropy alone was not sufficient to correctly 

describe the observed anisotropic line broadening, and additional peak shape models had to be

introduced. The strong hkl dependence of peak widths was tentatively simulated in two 

alternative approaches, first taking a microstrain model [38], and then developing a new 

model where peak splitting due to a slight desymmetrisation of the originally tetragonal unit 

cell (b = a+δa, γ = 90º+δγ) contributes to line broadening. The second model turned out to be 

more appropriate for the present material.

Fig. 1.  Crystal structure of cryptomelane (2-xKx)[Mn8O16] in quasi-projection (left) and zoomed perspective 

view (right) showing the octahedral 2´2 framework [41] of hollandite and the coordination of potassium in the 

tunnels running along c (space group I4/m, a = 9.840 Å, c = 2.8516 Å; MnO6 octahedra light blue, K sites red 

with filled sector indicating the degree of occupation, oxygen yellow or octahedral apex). There are two tunnels 

per unit cell (outlined box), each of them containing one K site in a square prism with d(K-O) = 2.90 Å. 

Graphics prepared using VESTA [42]. 

2. Materials and methods 

2.1. Synthesis 
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The cryptomelane sample used for this study was prepared in a teflon lined steel autoclave at 

100ºC following the procedure of DeGuzman et al. [43], except for the addition of K2SO4 as 

will be explained in the results section. Reagents were KMnO4 (Merck, p.a.), MnSO4·H2O 

(Merck, p.a.), 70% HNO3 (Panreac, ACS) and K2SO4 (BDH, AnalaR). The chemical 

composition was obtained from EDX spectra in a Philips XL30 scanning electron microscope 

at 20 kV acceleration tension and a take off angle of 35º, accumulation time 50 s at about 

2500 cps, and applying the ZAF correction. Values and their standard deviations were 

obtained from averaging over the results for five different homogeneous areas of about 10×10

μm2. 

2.2. Powder X-ray diffraction 

X-ray diffraction patterns were obtained using an automated Philips PW1050/PW1710 

powder diffractometer with Bragg-Brentano geometry, CuKα radiation (λ = 1.540598 and 

1.544418 Å), a graphite (002) secondary beam monochromator and a proportional counter 

allowing for pulse height discrimination (ΔV/V~0.2). Axial divergence was defined by 2*0.04 

rad Soller slits in the incident and the diffracted beam, divergence in the diffraction plane was 

1º, and the resolution slit on the Seemann-Bohlin parafocusing circle was 0.2 mm. The 

powder was placed in a Si(100) single crystalline sample holder (28*18*1.38 mm3) in order 

to minimize background, and data were collected in θ-2θ scans from 5º to 120º(2θ) at 

0.02º(2θ) step intervals and 4 s per step. Intensities were corrected for the LP factor and, 

below 12.58º(2θ), also for beam overspill.

2.3. Interpretation of diffraction patterns 

The GSAS program system [44] combined with the EXPGUI graphical interface [45] were 

used for Rietveld refinement least squares calculations. The background was simulated using 
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a 15-term (18 in the final stage of refinement) Chebyshev function, and peak profiles were 

calculated using a TCH pseudo-Voigt function [46] providing for up to six refined parameters 

as specified in the results section. Five instrument dependent profile parameters (the Gaussian

variances U, V and W of Caglioti et al. [47] and the asymmetry terms H/L and S/L of Finger et 

al. [37]) were found from independent refinements using standard materials (3 μm silicon 

powder and synthetic zeolite MFI, respectively) and hold constant throughout all calculations.

For two peaks (110 and 200, Supplementary Material S2), fitting to a TCH doublet was 

achieved using a home-made scilab [48] code.

3. Results and discussion 

3.1. Synthesis 

The synthesis of cryptomelane (2-xKx)[Mn3+
xMn4+

8-xO16] corresponds to a redox 

comproportionation

(2-z)/5 KMn7+O4 + (3+z)/5 Mn2+SO4·H2O   → 

→   Kz[Mn(4-z)+O2] + (1-3z)/5 H2O + 4(1+2z)/5 H+ + 2(1-3z)/5 K+ + (3+z)/5 SO4
2- (1)

where the degree of substitution x=8z should be given by the stoichiometry of the reactants as 

defined in equation (1), but in practice, a cryptomelane with x~1 is obtained over a wide range

of batch compositions which lie between q = [Mn7+]/([Mn7+]+[Mn2+]) = 0.36 and 0.88 [43], 

indicating that conditions may be much more oxidizing than expected for a negatively 

charged framework (q=0.350, 0.375 and 0.400 for x=2, 1 and 0, respectively). The presence of

potassium might be important for nucleation, and we therefore modified the batch 

composition of DeGuzman et al. [43] increasing the concentration of K by the addition of a 
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redox-inert salt (K2SO4) while keeping the original value q=0.42. The actual batch 

composition was (in mmol) 3.7 KMnO4 + 5.2 MnSO4·H2O + 4.9 HNO3 + 3.7 K2SO4 in 13 

mL H2O.

After reaction, the dark brown slurry was washed and filtered until the effluent gave 

neutral pH, and the solid was dried at 90ºC for 24h. Energy dispersive X-ray (EDX) 

spectroscopy results for the chemical composition were normalized to 8 Mn per formula and 

gave the mean values (uncertainties on last digit in parentheses) 0.93(3) K, 18(2) O and 

0.08(1) S. The uncertainty for oxygen is high, indicating that there is no significant deviation 

from the expected value (16 O), and sulphur is thought to be present as traces of the SO4
2- 

introduced during the synthesis. The potassium content of 0.93 indicates about half filling of 

the available sites in the channels. 

Fig. 2.  Observed (dots), calculated (line) and difference (below) intensities for the powder diffraction pattern of 

synthetic cryptomelane (2-xKx)[Mn8O16]. Blue corresponds to the final model (χ2 = 1.18), cyan to the first 

model (isotropic grains, χ2 = 1.60). Green (smooth) line is background. Ticks show possible positions for 

reflections in the tetragonal unit cell, indices hkl are given for seven non overlapping peaks (the weak satellites 

near 211 can be neglected for the present purpose). λ(CuKα) = 1.540598 and 1.544418 Å.
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3.2. Rietveld refinement 

Rietveld refinement started from the unit cell and atom parameters of Vicat et al. [49] but 

setting potassium to its ideal position at the centre of the cavity (z = 0.5). Scattering factors 

for fully ionized species were used for all atoms. In a first step, only the site occupation factor

(SOF) of potassium, isotropic atom displacement parameters (restrained to be equal for the 

two oxygen positions), cell parameters, background, 2θ origin and a Lorentzian describing 

isotropic line broadening (for both grain size and microstrain) were allowed to refine, 

converging to a model with the error indices χ2 = 1.60, Rp = 0.140, R(F2) = 0.0855. 

This model was not able to reproduce the observed peak widths which are generally broad 

but change from one line to the other (Fig. 2) and show a striking minimum for 002, 

indicating that the coherent domains are considerably more extended along c, which is the 

direction of the octahedral chains. Introducing the corresponding grain size anisotropy2, the 

model was considerably improved (χ2 = 1.26, Rp = 0.122, R(F2) = 0.0720) and the 002 

reflection was correctly simulated, but the variations of the broader peak widths were still not 

accounted for. Grain size anisotropy only provides for direction dependent peak widths, so we

included also a microstrain model [38] which allowed for an hkl dependent variation and gave

a further improvement (χ2 = 1.186, Rp = 0.117, R(F2) = 0.0622). 

The observed peak shape anisotropy was now fairly well simulated and it became possible 

to refine details of the crystal structure freeing xy for the Mn and O atoms and allowing K to 

move around its special position at z = 0.5, using either an anisotropic displacement tensor Uij 

or a split position near z = 0.4. The two alternatives gave identical agreements (χ2 = 1.184, Rp 

= 0.116, R(F2) = 0.0627) and indicate both that K is distributed along the c-axis over an 

interval of about 0.5 Å around its special position. Atom parameters and interatomic distances

2 A rotational ellipsoid (2 parameters) was used. Trials using spherical harmonics with up to 11 parameters 
were made with the help of program MAUD [50] but indicated no improvement.
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and angles for the first alternative (Tables S1 and S2) are discussed in the Supplementary 

Material S1.

3.3. Crystal structure 

The potassium site occupation factor of SOF = 0.493(15), in particular, translates into a 

degree of substitution of x = 0.99(3), within the limits of error of the value x = 0.93(3) found 

from chemical analysis. However, a higher SOF might also be caused by the presence of some

water H2O or hydronium H3O+ occupying empty K sites in the tunnel where it would be 

easily recognized from its effect on the diffracted intensities while detection by chemical 

analysis would be difficult. We therefore prefer to hold the analytical value of x = 0.93(3) for 

the potassium site occupation, leaving the question of water/hydronium and its concomitant 

influence on the exact number of Mn3+ open for a future study. 

Earlier work [49,51-53] about the hollandite structure has reported evidence for a 

displacement of tunnel cations from the special position and models considering repulsive 

forces between neighbouring sites have been put forward. In all of this work the degree of 

substitution x was significantly greater than 1, in contrast to our material where x<1 and 

potassium can easily be accommodated in alternating cavities, leaving the remainder free or 

occupied by water, without any repulsive interactions producing displacement. The alternative

with the special position was therefore chosen for the final parameters (Table S1).
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Fig. 3.  Williamson-Hall plot of the observed line widths b = B – bi (milliradians) for non overlapping reflections

of synthetic cryptomelane. Line widths B were obtained from fitting each peak individually using eight 

parameters (one position, two widths, three intensities and a linear background) allowing for three (fixed) 

wavelengths (α0, α1, and α2) where α1 and α2 have their usual meaning and α0 is a broad dummy of low 

intensity to abate peak asymmetry at low angles. Line widths, obtained in terms of FWHM, are therefore free 

from contributions due to α1-α2 splitting and asymmetry. The instrument contribution bi to line width is small 

(see text). The regression line refers to the first six points.

3.4. Microstrain vs desymmetrization 

The results of Rietveld refinement also contain six parameters extracted from peak shape 

anisotropy. In principle, grain size and microstrain are described by a different set of profile 

parameters, but in practice they may correlate if peaks are broad and strongly overlapped as it 

necessarily happens with nanocrystals. In our case, the four microstrain parameters, in 

particular, showed uncertainties of 23-75% (cf 3-8% for the grain size parameters) and 

correlations of up to 0.91 which shed doubt on their physical meaning. 

In order to get an independent and robust test about the presence of microstrain, a 

Williamson-Hall plot [54,55] was drawn using seven selected, non-overlapping reflections 

(Fig. 3). The peak widths b, corrected for the instrumental broadening (bi/º = 0.0761 + 0.0465 

tanθ) and multiplied with cosθ, should lie on a line complying with bcosθ = Kλ/DV + 
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(4δd/d)·sinθ where the intercept is related with the apparent grain size DV and the slope with a

microstrain term |δd/d| giving the relative deformation around the mean of the spacing dhkl. 

Note that |δd/d| is a modulus without sign, so the negative slope of the regression line through 

the six broader peaks in Fig. 3 can hardly be explained by microstrain but is more likely due 

to grain size anisotropy: with the long axis parallel to 002, the 211 and 411 vectors are 

inclined with respect to the ab plane, making the corresponding grain dimensions longer than 

the short axis of a prolate rotational ellipsoid or cylinder which, in turn, is seen in the four hk0

reflections.

We therefore searched for alternative causes which might explain the hkl dependent 

variation of peak widths. A careful inspection of the diffraction pattern shows that some of the

broader peaks with simple hkl indices (e.g. 110 and 200 in Fig. 2) suggest a splitting caused 

by desymmetrization of the structure from tetragonal to monoclinic symmetry so that the hkl, 

khl, hkl and khl peaks would no longer coincide, in agreement with single crystal results [51] 

where monoclinic symmetry was found for cryptomelane. Taking the unit cell of Post et al. 

[51] an expected amount of splitting can be found from equations (3) and (4) which are 

derived from the formula for d-spacing of a monoclinic cell (2) considering but minor 

deviations from tetragonal (b=a+δa, γ=90º+δγ); the splitting between hkl and khl is the sum of

(3) and (4).

(2 sinθ/λ)2 ≡ 1/d2(hkl)  =  [h2/a2 + k2/b2 – 2hkcosγ/ab] / sin2γ + l2/c2 (2)

1/d2(hkl) - 1/d2(khl)  =  (h2–k2) [1 – (1+δa/a)-2] /a2 sin2γ ≈  2 (h2–k2) (δa/a) / a2 (3)

1/d2(hkl) - 1/d2(hkl)  =  4 hk [sinδγ/(1+δa/a)] /a2 sin2γ ≈  4 hk sinδγ / a2 (4)

The corresponding values for Δ(2θ) are reported in Table 1 and approximately reproduce 

the oscillations of the observed peak widths b. These results can immediately be exploited to 
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get an unbiased estimate of the grain dimensions. Excluding microstrain, we get the long axis 

directly from the peak width (bg = b = 6.9 mrad) of the non-split 002 reflection, and the short 

axis can be estimated from the width of the first reflections (110 and 200) which are doublets 

where the grain size contribution is bg = b – fΔ(2θ) with f ≤ 1. Taking the values of b and 

Δ(2θ) in Table 1 and f = 1, one obtains bg = 17.7(16.3) mrad for 110(200) or an average of 

~17.0 mrad assuming cylindrical particles (the correction for cosθ is almost nil). Similar 

values of bg were obtained from tentative fittings of the 110 and 200 peaks to a doublet, which

suggest that f might be a little smaller than unity (see Supplementary Material S2). For φ = 0 

and 90º, the apparent domain sizes DV are now directly calculated from the Scherrer relation 

DV = λ/(βgcosθ), after conversion to integral breadths β using βg = (bgπ/2)/[η+(1-η)√(πln2)] 

where a Lorentzian character η = 0.9 has been assumed.

Table 1.  Observed and calculated peak width variations.

hkl θ/º B/º b φ/º Δ(2θ) γs γ's 

110   6.32 1.30 21.3 90   3.6   0.7 1.9

200   8.99 1.48 24.4 “   8.1   3.3 4.8

220 12.69 1.10 17.7 “   7.4   1.5 3.9

310 14.33 1.53 25.2 “ 15.4   4.4 6.7

211 18.75 1.08 17.2 32.9   5.7   6.2 2.3

411 24.91 1.35 21.9 50.1 16.4 10.1 7.6

002 32.72 0.50   6.9 0 0   3.8 0

Symbols: B is the observed width FWHM, b (mrad) is the same corrected for instrumental broadening, φ is the 

angle between c and the vector hkl, Δ(2θ) (mrad) is the difference in peak position due to desymmetrization 

(δa/a=0.02543, δγ=0.95), γs (mrad) is the contribution to FWHM calculated from the (four) microstrain 

parameters obtained in Rietveld refinement, and γ's (mrad) the same obtained from refinement with two 

microstrain parameters only (see text).
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The resulting grain dimensions are 61*61*178 Å3 which corresponds, assuming a cylinder,

to a quite high specific surface area of 175 m2/g, comparable to high end BET results for 

cryptomelane nanomaterials [56-59]. This estimate is most important for materials properties 

in sensor and catalytic applications.

From Fig. 3 one observes a pronounced oscillation of the line width b which follows the 

oscillation of Δ(2θ) in Table 1, but it also reflects the strongly anisotropic grain shape which 

causes reflections with φ  0 to be sharper as discussed above. In our Rietveld refinement, the

combined effect of hkl and direction dependent oscillation is simulated by microstrain 

broadening γs and grain shape. Values for γs are reported in Table 1 along with Δ(2θ).

A comparison shows that both values and fluctuations of b are surprisingly well predicted 

by Δ(2θ), whereas γs (note that these values are optimized by refinement) reproduces some of 

the fluctuations but is far from the correct values for the first and last (less model biased) 

reflections 110 and 002, and 310 turns out sharper than 211 instead of being broader as clearly

observed in b. Both Δ(2θ) and γs scale with hkl, but the pseudosymmetry model also contains 

differences h2–k2 which are absent in the microstrain model. As a consequence, and as 

expected from theory (see discussion of Fig. 3 above), γs increases more steadily (note the 

value for reflection 211) and requires a more pronounced grain size anisotropy to re-establish 

the negative observed slope in the Williamson-Hall plot (Fig. 3). This is indeed what 

happened during refinement which resulted in a (proforma) grain size of 48*48*232 Å3.3 

Remembering the high correlations, the microstrain model (4 refined parameters) is therefore 

suspect to be an artefact of refinement, and the pseudosymmetry model (2 parameters, not 

refined in this study) seems more realistic.

3 Note that this differs by -21/+30% from the improved results mentioned above (61*61*178 Å3), more than 
the variations which are sometimes discussed for different definitions of β, e.g. [60].
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Tentatively, we tried a Rietveld refinement where the atom parameters were constrained to 

keep tetragonal symmetry but the unit cell was allowed to be monoclinic (see Supplementary 

Material S3). In this refinement, the four microstrain parameters were virtually substituted by 

the two desymmetrization parameters δa/a and δγ to simulate anisotropic line broadening. 

Very similar error indices were obtained, but without the excessive uncertainties and 

correlations which characterized the refinement containing microstrain. 

Recently it has been argued [61] that microstrain and reflection splitting should be 

comparable in their contributions to (anisotropic) line broadening. In Stephens' model [38], 

the contribution of microstrain to FWHM is given by Γsd2tanθ where, for powders of 

tetragonal symmetry,

Γs
2 = ΣHKL(SHKLhHkKlL) =  S400(h4+k4) + S004l4 + 3S220h2k2 + 3S202(h2+k2)l2 (5)

with H+K+L=4 and SHKL (in deg2Å-4) the microstrain parameters to be refined. Reflection 

splitting due to desymmetrization from tetragonal to monoclinic I112/m is invariant to index l,

so that S004=S202=0 should hold, in our case, if anisotropic line broadening is due to 

desymmetrization. Leaving only two microstrain parameters to be refined, we obtained again 

lower uncertainties and correlations (see Supplementary Material S4) and, most importantly, 

the resulting contribution to FWHM, reported as γs' in the last column of Table 1, effectively 

shows a close resemblance to the trends observed for reflection splitting Δ(2θ). 

4. Conclusions 

Desymmetrization as an explanation for peak shape anisotropy has only marginally been 

considered so far (a treatment of microstrain by Rodriguez-Carvajal et al. [62] and Rodriguez-
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Carvajal [63] is formally comparable with equation (3), and a small orthorhombic deviation 

from tetragonal has been discussed by Fabrykiewicz et al. [64] in similar terms). It is therefore

interesting, particularly in the context of nanocrystalline ceramics where peaks are 

intrinsically broad, to develop this model further and eventually include it in a Rietveld 

refinement code. 

It seems interesting to note that desymmetrization acts more critically on peak positions 

than on diffracted intensities. The structure factor is a smooth function of atom positions 

which undergoes only minor changes in a structural desymmetrization. The matching of 

observed and calculated peak positions, on the other hand, is more akin to work with delta 

functions which change drastically upon minimal displacements. Lattice desymmetrization 

might therefore be an important improvement for correct peak profile descriptions also in 

high-resolution powder patterns. 

The improved simulation of the diffraction pattern of a cryptomelane nanomaterial strongly

suggests that the true symmetry of these materials is not tetragonal as assumed by most 

authors (e.g. [13,33,65,66]) but monoclinic (in agreement with results for larger particles 

[10,51]) which, most importantly, allows to obtain more reliable values for the nanoparticle 

size. The estimated surface area is relatively high and might be a consequence of potassium 

addition during synthesis.
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