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Abstract: Determination of the atomic-scale structures of certain fine-grained minerals using single-

crystal X-ray diffraction (XRD) has been challenging because they commonly occur as submicron 

and nanocrystals in the geological environment. Synchrotron powder diffraction and scattering 

techniques are useful complementary methods for studying this type of minerals. In this review, we 

discussed three example studies investigated by combined methods of synchrotron radiation XRD 

and pair distribution function (PDF) techniques: (1) low-temperature cristobalite; (2) kaolinite; and 

(3) vernadite. Powder XRD is useful to determine the average structure including unit-cell parameters, 

fractional atomic coordinates, occupancies and isotropic atomic displacement parameters. X-

ray/Neutron PDF methods are sensitive to study the local structure with anisotropic atomic 

displacement parameters (ADP). The results and case studies suggest that the crystal structure and 

high-quality ADP values can be obtained using the combined methods. The method can be useful 

to characterize crystals and minerals that are not suitable for single-crystal XRD. 

Keywords: synchrotron radiation; X-ray diffraction; neutron scattering; rietveld refinement; pair 

distribution function analysis; low-cristobalite; kaolinite; vernadite 

 

1. Introduction 

The determination of high-quality crystal structure is becoming increasingly critical to advanced 

science and technology [1–4]. Single-crystal X-ray diffraction (XRD) is a traditional technique to 

determine the crystal structures, including unit cell dimensions, bond-lengths/angles, and site-

orderings as well as temperature/atomic displacement factors [5,6]. However, many crystals and 

minerals are not large enough for the single-crystal XRD measurement. In nature, for example, some 

metastable low-temperature phases and clay minerals that have been challenged to prepare as single 

crystals for single-crystal X-ray diffraction analysis [7]. Another example is the case of nanominerals 

and nanocrystals that is not available for the single-crystal method [8]. Thus, applying powder XRD 

techniques is critical to solving the structure for this type of system. Conventionally, powder 

diffraction and pair distribution function (PDF) analysis have been used as suitable techniques for 

studying the atomic-scale structure of submicron- and nano-crystals [7,9,10]. 

Powder diffraction has been an essential tool for many decades for the characterization of 

minerals and other crystalline materials [11,12]. The application of the Rietveld refinement from 

diffraction peaks has been successfully used for the determination of average crystal structures and 

quantitative analysis of mixture phases [13–16]. Furthermore, the powder diffraction technique has 
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been widely applied for phase transformation studies (e.g., in-situ heating XRD) [17–19]. Recently, 

synchrotron radiation sources combined with advanced algorithms have led to high-resolution powder 

diffraction data allowing detailed characterization of minerals and materials including nano- and 

micro-structural characteristics with grain size, shapes, and preferred orientation [20–24]. However, 

the conventional Rietveld refinement has still limitations to characterize the disordered and local 

structures (e.g., short to medium range-ordered structures). 

To complement this, PDF technique from total scattering data has been of much interest in 

studying the local structure of amorphous and crystalline phases [4,25,26]. In recent years, combined 

with the advent of the third-generation synchrotron radiation facilities (e.g., Advanced Photon 

Source, National Synchrotron Light Source II, and Stanford Synchrotron Radiation Light source), the 

PDF method developed very fast, and when coupled with high-energy total scattering data and high-

speed computing has been applied to investigations of disorder in crystalline materials, nanomaterials, 

glasses, and liquids [27–30]. The PDF analysis can determine not only the local structure but also the 

long-range-ordered structure using total scattering (i.e., both Bragg and diffuse reflections) [8]. More 

specifically, the PDF analysis can calculate the atomic structure in the real-space from the measured 

total scattering data using the real-space refinement method (e.g., PDFgui and reverse Monte Carlo) 

[8,31,32]. Similarly, to Rietveld refinement, the PDF analysis refines structural parameters to fit the 

experimental PDF data [32]. There are several points to note about the PDF experiment. The use of 

high energy X-ray radiation may lower the instrumental resolution, which could be a disadvantage 

for crystalline solids and the fluorescence energies of sample should also be avoided in order to get 

high-quality data [25–27].  

In this paper, we discuss three case studies: (1) low-temperature cristobalite (metastable phase); 

(2) kaolinite (clay mineral); and (3) vernadite (poorly crystallized nanomineral). Since three minerals 

that are not suitable for the single-crystal method, these minerals are investigated by synchrotron 

radiation XRD and PDF technique to determine high-quality parameters of unit cell parameters, 

coordinates, and thermal factors. The powder XRD method is useful to determine the average 

structure including isotropic atomic displacement parameters (Uiso) [33], by contrast, the PDF method 

appears to be sensitive to the local structure and anisotropic displacement parameters (ADPs) 

[7,34,35].  

2. Basic Principles 

2.1. Rietveld Refinement of Powder XRD Data 

The basic idea of Rietveld refinement is that the experimental powder pattern is fitted using 

parameters of a structural model using a least-squares procedure. A detailed mathematical theory of 

Rietveld refinement was reported in the literature [11,36,37]. The main requirements for Rietveld 

refinement are (1) accurate powder diffraction data (e.g., 2θ vs. Intensity), (2) starting structural models 

identified from positions of the Bragg peaks, and (3) instrument parameters. The experimental diffraction 

pattern is generally fitted with pseudo-Voigt (pV) shape functions. The line broadening and the 

symmetrical part of peaks can be represented by the pseudo-Voigt equation, 

ρV(x) = Σ Int [ηC(x) + (1 − η)G(x)] (1) 

where C(x) is the Cauchyian component, C(x) = (1 + x2)−1, and G(x) is Gaussian component, G(x) = 

exp[−(ln2)x2] with x = (2θ − 2θ0)/FWHM (Full-width at half maximum of diffraction peak). The Int is 

the scale factor and η is a function of Lorentz, Gaussian, and FWHM parameter [38]. The diffraction 

peaks were refined with starting values of the instrument and structural parameters using Rietveld 

refinement software (e.g., GSASII, FullProf, TOPAS, MDI JADE, and others) (Figure 1). The procedure is 

designed to minimize the difference between the observed data and simulated patterns, indicating 

the reliability index parameter, e.g., Rexp (expected error) and Rwp (weighted residual error), and 

defined as  

Rexp = |(N − P)/Σwi𝐼0
2|1/2 (2) 
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Rwp = [Σwi(I0 − Ic)2/Σwi × 𝐼0
2] (3) 

where I0, Ic, and wi are the experimental intensities, calculated intensities, and weight factors, 

respectively. N is the number of experimental observations based on the weight, and P is the number 

of fitting parameters. The factors are associated with the goodness of fit (GoF): 

GoF = Rwp/Rexp (4) 

Rietveld refinements were carried out until convergence was reached and the GoF factor 

approaching around 1. In the case of a quantitative analysis, we can obtain the weight fraction wi for 

each phase using the individual scale factors of a crystalline phase in the multiphase system based 

on the equation: 

Wi = Si(ZMV)i/ΣjSj(ZMV)j (5) 

where S is the scale factor of phase i; Z is the number of formula units for a single unit cell; M is the 

atomic weight of the formula unit; V is the volume of the unit cell [33]. 

 

Figure 1. A screenshot (TOPAS 5; Bruker) of Rietveld refinement of low-temperature tridymite [7]. 

2.2. Pair Distribution Function 

The PDF method uses the whole measured spectrum (total scattering), including both the Bragg 

reflections (long-range or average structure) and diffuse scattering (short-range or local structure) 

[26]. The structure function, S(Q), is obtained from the Bragg and diffuse scattering of X-ray, neutron 

or electron diffraction, which is defined as 

S(Q) = Icoh/N[f(Q)]2 − [f(Q) 2]/[f(Q)]2 + 1 (6) 

where Icoh is the observed intensity at Q, which is the magnitude of the wave vector (i.e., Q = 

4πsinθ/λ). The f(Q) is the atomic scattering factor and N is the total number of atoms. The PDF, G(r), 

is then calculated by using the Fourier transform according to the equations [39], 

F(Q) = Q[S(Q) – 1] (7) 

G(r) = 
2

𝜋
∫ 𝐹(𝑄)sin(𝑄𝑟)d𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛
 (8) 
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where F(Q) is the reduced structure function. The value of Qmax is determined by the size of detector 

and sample-to-detector distance. The values of Qmin is associated with the size of the beamstop and 

sample-to-detector distance. Generally, Qmax can be reduced below the experimental maximum to 

avoid noise in the high-Q region. The G(r) decreases in amplitude related to the crystal size and 

morphology, especially reflecting the distances separating pairs of atoms followed by atomic 

structure. The G(r) function can be defined as 

G(r) = 4πr [ρ(r) – ρ0] (9) 

The ρ0 is the atomic number density of the crystal and ρ(r) is the atomic pair density. The ρ(r) 

represents the mean weighted density of atoms at radial distance r from the origin. The ρ(r) can also 

be calculated as the equation 

ρ(r) = (4πr2N)−1 ∑ ∑
𝑓𝑖𝑓𝑗

𝑏2 𝛿(𝑟 − 𝑟𝑖𝑗)𝑗≠𝑖
 
𝑖  (10) 

The sums in ρ(r) indicate all atoms in the crystal, fi, and fj is the scattering factor of atoms i and j, 

respectively. rij is the distance between atoms i and j. Equation (10) is used to fit the experimental PDF 

pattern using the structure model like the Rietveld method. PDF modeling, where it is carried out, is 

performed by refining the parameters such as the lattice parameters, atom positions, and atomic 

displacement parameters, to minimize the difference between the theoretical and an experimental 

PDF. This procedure is performed, for example, in PDFgui and Diffpy-CMI software [32,40] (Figure 2). 

Many more details about PDF theory and applications can be found in the book of Egami and Billinge 

(2012) [4] and other referneces [41,42]. 

 

Figure 2. A screenshot (PDFgui software) for pair distribution function (PDF) refinement of low-

temperature tridymite [7]. 

3. Experimental Method 

High-resolution X-ray powder diffraction data were collected at beamline 11-BM of the Advanced 

Photon Source (APS) at Argonne National Laboratory (Lemont, IL, USA) (Figure 3A). Finely ground 

powders of the samples were placed into polyimide tubes with an inner diameter of 1 mm for the 

synchrotron XRD measurements (Figure 3D). The sample-to-detector distances and beam center 

positions were calibrated using Si and LaB6 standard. Diffraction data of empty polyimide tube were 

collected with same exposure times for background removal in the data reduction. The crystal structures 

of powder samples were determined with the Rietveld method using the TOPAS 5 software (Bruker 

AXS) (Figure 1). A pseudo-Voigt method was used for fitting the peak profiles.  
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Synchrotron radiation X-ray diffraction and pair distribution function experiments were 

conducted on beamline 17-BM at APS, Argonne National Laboratory (Lemont, IL, USA) (Figure 3B). 

Similarly, finely ground powder samples were placed inside polyimide (Kapton) tubes for the XRD/PDF 

measurements (Figure 3E). An amorphous Si area detector was set to collect 2-D diffraction imaging 

in transmission geometry. Each single exposure on the detector was set to 1 s. This 1 s exposure was 

repeated 120 times to integrate a total collection time of 120 s for each sample. The sample-to-detector 

distances and beam center positions were calibrated using a LaB6 standard. Diffraction data on empty 

polyimide tubing were collected with the same exposure time for background removal. GSASII 

software [43] was used to integrate and convert the images to conventional 1-D profile intensity 

versus wave vector (Q). The obtained data up to a Qmax of 19.8 Å−1 were then transformed to PDF 

patterns using PdfGetX3 [44]. PDF fitting and refinement were carried out using the PDFGui program 

(Figure 2) [32].  

Neutron total scattering measurements were carried out on the NOMAD BL-1B beamline at the 

Spallation Neutron Source (SNS), Oak Ridge National Laboratory (Oak Ridge, TN, USA) (Figure 3C). 

The powder sample was loaded into quartz capillary tubes (Figure 3F). The total scattering structure 

function was calculated with the NOMAD data reduction software, and the PDF, G(r), was obtained 

by direct Fourier transformation of S(Q). The obtained data up to a Qmax of 31.4 Å−1 were then 

transformed to PDF patterns using the program PDFgetN [45]. The PDFGui [32] was used for fitting 

the neutron PDF data. 

 

Figure 3. (A,B) High-resolution powder diffraction (beamline 11-BM) and rapid acquisition powder 

diffraction experiments for XRD/PDF measurements (beamline 17-BM-B) in Advanced Photon Source 

(APS), Argonne National Laboratory [41]. (C) Nanoscale-Ordered Materials Diffractometer (NOMAD) 

instrument at beamline BL-1B in Oak Ridge National Laboratory [42]. (D,E) Polyimide capillary tubes 

at single and multiple sample holder for X-ray diffraction and scattering measurement. (F) boron-free 

quartz capillary tubes and vanadium cans for neutron PDF analysis. 

4. Case Studies 

4.1. Low-Crystobalite 

Determination of the structures of low-temperature metastable phases (e.g., low-cristobalite, and 

low-tridymite) has been challenging because they commonly occur as fine-grained crystals in geological 

environments. Therefore, applying powder diffraction and scattering techniques is important to 

characterize this kind of low-temperature crystal system. Synchrotron radiation XRD and the X-ray 

PDF method were used to investigate the crystal structure of low-cristobalite, including unit cell 
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parameters, atomic coordinates, and ADPs. To confirm the validity of the refined structure, the results 

were compared with the previous single-crystal XRD results [46,47]. 

Rietveld refinement from synchrotron XRD data provide the high quality of average structure 

of the tetragonal cristobalite in space group P41212 symmetry with unit cell parameters, atomic 

coordinates, and bond distances/angles, which is compared with previous tetragonal cristobalite 

from Ellora Caves, India [46] and synthetic cristobalite [47] (Figure 4A and Tables S1 and S2). The 

unit cell parameters, bond distances, bond angle, and tetrahedral volume of cristobalite are in agreement 

with previous cristobalite structures calculated by single-crystal XRD and neutron powder diffraction 

(Table S1).  

The use of synchrotron X-ray PDF analysis can provide the high-quality of local structure. Figure 

4B shows the PDF pattern of cristobalite showing atomic correlations. The first peak (~1.60 Å) 

corresponds to Si–O correlations and the second (~2.62 Å) and third peak (~3.07 Å) refers to O–O 

correlations and Si–Si correlations, respectively (Figure 4B). The distances of atomic correlations are 

consistent with the values from Rietveld refinement (Table S1). Using the refined structure of Rietveld 

refinement, the PDF pattern of cristobalite fits to determine ADPs. The final refined structure from 

combined XRD and PDF refinement is listed in Table S1. 

 

Figure 4. (A) Rietveld method results of synchrotron radiation XRD patterns of tetragonal cristobalite 

(Rwp = 1.74%); (B) PDF refinement results of the tetragonal cristobalite (Rwp = 8.58%); and (C) The 

structure model of tetragonal cristobalite calculated by Rietveld method and PDF refinement 

compared to the previous structure models. 

Figure 4C shows the structure model of cristobalite along the c-axis, compared to the structure 

of cristobalite refined by single-crystal XRD [47]. The structure of cristobalite is made of framework 

of corner-sharing SiO4 tetrahedra (Figure 4C). The major axis of displacement ellipsoid of oxygens is 

perpendicular to Si–O bonds, and the ellipsoid of silicon atoms are relatively spherical shape, 

compare to oxygen atoms (Figure 4C). Overall, the shapes and orientations of the thermal ellipsoids 

of our refined structure are consistent with previous cristobalite structures (Figure 4C). This result 

supports that a PDF analysis can determine the high-quality crystal structure, including ADPs.  

4.2. Kaolinite 

Kaolinite, Al2Si2O5(OH)4, is the most common clay mineral which forms from chemical 

weathering of aluminum silicate minerals (e.g., feldspar). The kaolinite plays significant roles in the 

geological process (e.g., weathering and adsorption of trace elements) and industrial applications 
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(papers, ceramics, and medicines) [48–50]. Due to the characteristics of fine-grained crystals of the 

kaolinite phase, applying the single-crystal XRD technique has been challenged to kaolinite clay 

mineral [11,51,52]. We used synchrotron high-resolution XRD and PDF methods to provide a detailed 

structure of kaolinite including average and local structure information. In addition, we applied both 

neutron and X-ray PDF method for comparison.  

Rietveld refinement from the synchrotron XRD pattern provides the high quality of the average 

structure of triclinic kaolinite with the space group C1 symmetry (Figure 5). The refined unit cell 

parameters are a = 5.1546(9) Å, b = 8.9425(11) Å, c = 7.4033(15) Å, with Rwp = 5.57% and the result is 

listed in Table 1 and appendix CIF file. Table 1 shows that the unit cell parameters and bond distances 

are compared with published kaolinite structure from X-ray powder diffraction [11] and low-

temperature neutron powder diffraction [52] (Table 1). The bond lengths within the two tetrahedra 

around Si(1) and Si(2) are very similar to each other, indicating that the Si atoms almost occupy the 

center of regular tetrahedra (Table 1). Al octahedra display two groups of slightly different bond 

lengths due to the hydrogen. The Al–O bonds are significantly longer than the Al–OH bonds. Overall, 

the kaolinite structure from Rietveld refinement agrees well with the previously published kaolinite 

structures [11,51]. 

 

Figure 5. (A) Rietveld refinement of synchrotron radiation XRD pattern of kaolinite. The gray line 

shows the differences between experimental and refined pattern). (B) A hand specimen of kaolinite 

sample from Murfreesboro, AR, USA (S.W. Bailey Collection of Department of Geoscience, University 

of Wisconsin-Madison). The scale bar indicates 2 cm. 

The PDF refinement of synchrotron X-ray and neutron PDF provides high-quality structure 

parameters including ADPs. The experimental X-ray and neutron PDF data are shown in Figures S1 

to S4. The PDF refinement results show a good agreement between calculated and experimental data 

(Figure 6). The refined structures of kaolinite are attached in the Supplementary CIF files, which are non-

hydrogen atomic positions. Both X-ray and neutron PDF refinement are not sensitive to determine 

the H position and its APDs. The unit-cell parameters and bond distances from neutron PDF refinement 

are compared with other kaolinite structures listed in Table 1, which also shows good agreement with 

previous kaolinite structures. Figure 7 shows the structure models of kaolinite projected along the a-

axis and c-axis from the X-ray and neutron PDF analysis. Both atom positions and shape of ellipsoids 

from the X-ray and neutron PDF refinement are very similar (Figure 7). The O and OH positions 

show more pronounced anisotropic displacements, which is associated with the hydrogen positions 

and geometry of Al octahedra and Si tetrahedra framework (Figure 7). The anisotropic ellipsoid 

shapes of O atoms are in the planes perpendicular to Si–Si axes in the tetrahedral sheet of corner-

sharing SiO4 tetrahedra. The anisotropic ellipsoid shapes of OH atoms are different from those of O 

atoms due to the H atoms (CIF files in the supplementary materials for details). (Figure 7). The results 
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suggest that the X-ray and neutron PDF method are both useful to determine the high-quality values 

ADPs for kaolinite. 

 

Figure 6. PDF refinement of kaolinite from X-ray and neutron data. The gray lines are differences 

between the experimental (blue) and calculated (red) PDF patterns. The refined structure parameters 

of kaolinite are listed in Supplementary Table S1. The Rwp values are 15.59% and 13.47%, respectively. 

 

Figure 7. The refined structure model of kaolinite from (A) X-ray and (B) neutron PDF refinement. 

The models show the displacement ellipsoids drawn at 60% probability. Hydrogen positions are 

adapted from kaolinite structure of Bish (1993) [51] for showing the approximate positions of H atoms. 
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Table 1. The unit cell parameter and bond distances of kaolinite compared with previous kaolinite 

structures. 

 (This Study) (This Study) Bish 1988 [52] Bish 1993 [51] 

Location Arkansas Arkansas Keokuk Keokuk 

Source X-ray Neutron X-ray Neutron 

Temp 298 K 298 K 298 K 1.5 K 

a (Å) 5.1546(9) 5.1528(6) 5.1554(1) 5.1535(3) 

b 8.9425(11) 8.9415(7) 8.9448(2) 8.9419(5) 

c 7.4033(15) 7.3985(9) 7.4048(2) 7.3906(4) 

α (°) 91.704(8) 91.715(7) 91.700(2) 91.926(2) 

β 104.735(13) 104.756(6) 104.862(1) 105.046(2) 

γ 89.852(9) 89.866(7) 89.822(1) 89.797(2) 

Volume 164.94(12) 164.74(8) 164.94(2) 164.35(5) 

Si(1)–O(1) 1.617(5) 1.618(5) 1.626(5) 1.618(4) 

–O(3) 1.623(4) 1.614(4) 1.609(5) 1.611(4) 

–O(4) 1.620(5) 1.619(5) 1.628(5) 1.620(4) 

–O(5) 1.615(4) 1.617(4) 1.617(5) 1.619(4) 

Avg. 1.619(5) 1.617(4) 1.620(5) 1.617(4) 

Si(2)–O(2) 1.612(4) 1.613(4) 1.630(5) 1.612(4) 

–O(3) 1.627(4) 1.620(4) 1.614(5) 1.617(4) 

–O(4) 1.616(4) 1.616(4) 1.597(6) 1.616(4) 

–O(5) 1.615(5) 1.611(5) 1.611 (5) 1.608(4) 

Avg. 1.618(4) 1.615(4) 1.613(5) 1.613(4) 

Al(1)–O(1) 1.947(4) 1.955(5) 1.930(6) 1.927(6) 

–O(2) 1.987(5) 1.983(6) 1.965(5) 1.930(6 

–OH(1) 1.921(6) 1.909(6) 1.932(6) 1.913(6) 

–OH(2) 1.853(7) 1.852(7) 1.880(6) 1.890(6) 

–OH(3) 1.855(6) 1.859(6) 1.892(6) 1.865(6) 

–OH(4) 1.859(6) 1.872(6) 1.868(6) 1.915(6) 

Avg. 1.904(6) 1.905(6) 1.911(6) 1.907(6) 

Al(2)–O(1) 1.981(5) 1.976(5) 1.969(5) 1.931(6) 

–O(2) 1.945(5) 1.942(5)  1.936(5) 1.919(6) 

–OH(1) 1.918(6) 1.912(6) 1.920(6) 1.912(6) 

–OH(2) 1.886(7) 1.875(7) 1.884(6) 1.896(6) 

–OH(3) 1.867(6) 1.865(6) 1.900(6) 1.886(6) 

–OH(4) 1.855(6) 1.869(6) 1.898(6) 1.910(6) 

Avg. 1.909(6) 1.907(6) 1.918(6) 1.909(6) 

4.3. Vernadite 

Vernadite is a manganese oxide nanomineral, which is associated with a wide variety of soils, 

sediments, freshwater, and marine environments [53–57]. The vernadite nanophase plays vital roles 

in the control of many geochemical processes, such as global manganese cycle, microbially driven 

manganese redox reactions and the adsorbing of strategic metals, rare-earth elements and platinum-

group elements [58–62]. Moreover, there has been a significant increase in the public interest in 

synthetic vernadite nanophase (δ-MnO2) for their roles in new advanced materials for catalysis, and 

batteries, supercapacitors and waste remediation [63–67]. Despite their scientific and industrial 

importance, the structure of vernadite was not fully determined due to the poorly crystallized 

characteristic with the high density of defects [53,68,69]. 

Since the vernadite is a poorly crystallized nanomineral (medium-range order structure), the 

structure determination is challenged by the conventional XRD method (e.g., Rietveld refinement) 

[31,70]. As an alternative, the PDF analysis is an applicable technique for characterizing this poorly 

crystallized nanostructure [31,68]. The structure of synthetic vernadite (δ-MnO2) has been previously 

studied by X-ray PDF refinement [68] and Bragg-rod method with a Debye equation analysis [69]. 

We investigated the natural vernadite from ferromanganese crust using combined synchrotron 
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radiation XRD, PDF, and high-resolution transmission electron microscopy (TEM) techniques [9]. The 

TEM method has been widely used to image minerals and materials with atomic resolution [71–73].  

The peak profiles of synchrotron diffraction provide the detailed crystal structure information 

of vernadtie. Synchrotron XRD patterns are collected from the inner part to the outer part (Figure 8). 

The XRD patterns of vernadite nanophase show diffraction peaks at 2.42 Å, 1.41 Å, and 1.22 Å, 

respectively (Figure 8A). The XRD pattern of the inner part shows a weak and broad (001) diffraction 

ranged from ~7.0 Å to ~16.5 Å at low Q range (Figure 8C). The weak and broad (001) diffraction with 

strong hk diffraction indicates monolayer or few layers of vernadite structure with heavy stacking 

disorder along the c-axis. In addition, the increasing intensity of the (001) peak from the outer part to 

the inner part indicates the increasing crystallinity of vernadite nanophase (Figure 8C). The d-spacing 

ratio of the first two strong diffraction peaks is ~1.72, close to √3, indicating the pseudo-hexagonal 

symmetry of manganese octahedral layer. Moreover, the nearly symmetrical shape of a diffraction 

peak at 1.41 Å (Figure 8D) suggests that the layer structure is associated with the hexagonal symmetry 

[74]. The hump at 2.2–1.9 Å (Figure 8A) is related to triple-corner sharing surface complexes at the 

vacancy sites of the manganese octahedral layer [75,76]. The lower intensity of the right-side shoulder 

of the 2.42 Å diffraction peak (an arrow in Figure 8D) also indicates the increasing the triple-corner 

sharing configuration of the manganese octahedral layers [75].  

 

Figure 8. (A) Synchrotron radiation XRD patterns of vernadite samples from the outer part to the 

inner part with image of ferromanganese crust (FMC) sample. The cross-section of FMC showing 

areas for XRD analysis (yellow circles) (B). The hump in Figure 8A is related to the 1.9–2.2 Å d-spacing. 

Two zoomed-in areas are inserted (C,D). The arrow (D) indicates the right-side shoulder at 2.42 Å 

peak [9]. 

High-resolution TEM analyses show the direct images of vernadite nanominerals (Figure 9). 

Vernadite appears as aggregates of platy nanocrystals (Figure 9). The lattice fringes are often curved 

and curled (Figure 9). The curving of layers of vernadite could be caused by the presence of vacancies 

and/or the influence of cation substitutions in the Mn-layers [68,69]. High-resolution TEM images 
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show the lattice fringes of ~7.2 Å and ~9.6 Å as well as interstratified layers (Figure 9), indicating that 

the vernadite in FMC is a mixture of the three phases.  

 

Figure 9. (A–C) High-resolution TEM images of vernadite nanocrystals showing lattice fringes of ~7.2 

Å and ~9.6 Å, and an interstratified layer of ~7.2 Å and ~9.6 Å [9]. 

The detailed peak profile from PDF patterns provides the detailed crystal structure of vernadite. 

The PDF patterns from the outer to inner part show almost identical features, suggesting similarities 

of local structures (Figure 10). The first major peak corresponds to Mn–O correlations of manganese 

octahedra (Figure 10). The second peak refers to Mn–Mn and O–O correlations in the edge-sharing 

Mn octahedra (Figure 10). The todorokite has a prominent peak at ~5.34 Å that is related to the 

tunneled structure configuration [68]. However, vernadite patterns do not exist with a strong peak 

of ~5.34 Å, which indicates the phyllomanganate framework (i.e., δ-MnO2 and birnessite structure) 

(Figure 10) [68,69]. The intensity variation at ~5.71 and ~6.05 Å is related to the interlayer species at 

the vacancy sites of Mn-layers (Figure 10) [75]. The high intensity at 6.05 Å (outer vernadite in Figure 

10) indicates a higher density interlayer species at Mn-layers by triple-edge sharing configuration, 

which is also indicated by synchrotron XRD pattern (Figure 8). 

 

Figure 10. PDF patterns of vernadite phases 1 Å to 10 Å range, compared with the reference patterns 

of synthetic δ-MnO2, birnessite and todorokite. 

To verify the mixed phase of vernadite structure observed in the TEM study, the vernadite 

structures were fitted to the experimental PDF data using multi-phase models (Figure 10A). The Rw-values 

and residues further decreased after including interstratified 7-Å/10-Å phase (Rw dropped by 2.8%) 

(Figure 10A). The three-phase vernadite models are best fitted to describe vernadite structure [9]. 
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Furthermore, the results of refinement show that the mismatch mainly derived from 2.86 Å and 3.46 

Å peaks (Figure 10A). The mismatch is associated with local distortions as results of Mn vacant sites 

and/or other cations substitutions [9,69]. The refined structure is a good agreement with reported 

synthetic vernadite structures [9]. Therefore, the result suggests that PDF analysis can determine the 

nanostructure in mixed phases. However, the PDF analysis is not sensitive enough to be precisely 

determined interlayer cations of vernadite structure [68,69]. Figure 10B shows a schematic model of 

vernadite determined by combined XRD, TEM, and PDF method. The curved Mn-layers caused by 

the presence of vacancies and substitutions of other cations such as Ni2+, Cu2+, Mn3+, Fe3+, and Pb2+. 

The crystal structure, chemistry and defects of vernadite are the main factors to control the speciation 

of trace elements during hydrogenic FMC formation, which is important to enrichment mechanism 

of trace metals (e.g., strategic metals, REEs, and PGEs) [75,76].  

 

Figure 10. (A) PDF refinement of vernadite in inner and outer part with 2 phases (7-Å and 10-Å) and 

3 phases (7-Å, 10-Å, and interstratified 7-Å/10-Å). The gray lines are differences between experimental 

(blue) and calculated (red) PDF patterns. (B) The schematic diagram of vernadite structure including 

monolayered, 7-Å, 10-Å, and the interstratified phases designed by combined XRD, TEM, and PDF 

method. TC and DC refer to triple-corner sharing and double-corner sharing. IV and VI refer to 

tetrahedral (blue) and octahedral (gray). Yellow circles = monovalent cations (e.g., Na+ and K+) and 

pinkish circle = oxygen. 

This case study shows that the integrated method of synchrotron radiation XRD, X-ray PDF and 

TEM is a useful tool to determine the crystal structure and chemistry of the vernadite nanomineral. 

Especially, the direct high-resolution TEM images identified the mixture phase of vernadite. The 

detail structures of vernadite can be determined by the PDF refinement. The combined synchrotron 

XRD/PDF and high-resolution TEM will be a powder tool for studying and characterizing other 

crystal structures of nanominerals. 

5. Conclusions 

Thanks to the high-energy synchrotron sources, the powder diffraction and scattering techniques 

have now become a significant analysis toolkit for the crystallographic approach. This paper shows 

that combined methods of synchrotron radiation XRD/PDF are powerful complementary tools for 

fine-grained minerals such as metastable low-temperature mineral, clay mineral, and nanomineral if 

the material is not suitable for single-crystal XRD. The Rietveld refinement of Bragg reflections 

provided accurate average structure for the crystals. X-ray and neutron PDF methods both can 

provide high-quality values of ADPs of atoms. These results show good agreement with previous 

crystal structures determined by single-crystal XRD. The combined methods will be useful for the 

determination of other submicron- and nano-minerals in the geological environment. Furthermore, 

the powder techniques combined with other methods such as TEM, Raman spectroscopy, Mossbauer 

spectroscopy, extended X-ray absorption fine structure (EXAFS), and theoretical calculations provide 

a great potential in the study of the fine-grained minerals and crystals [10,77–79].  
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