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Abstract:
The properties of functional materials are intrinsically linked to their atomic structure. When going to the 

nanoscale, size-induced structural changes in atomic structure often occur, however these are rarely well-

understood. Here, we systematically investigate the atomic structure of tungsten oxide nanoparticles as a 

function of the nanoparticle size and observe drastic changes when the particles are smaller than 5 nm, 

where the particles are amorphous. The tungsten oxide nanoparticles are synthesized by thermal 

decomposition of ammonium metatungstate hydrate in oleylamine and by varying the ammonium 

metatungstate hydrate concentration, the nanoparticle size, shape and structure can be controlled. At low 

concentrations, nanoparticles with a diameter of 2-4 nm form and adopt an amorphous structure that locally 

resembles the structure of polyoxometalate clusters. When the concentration is increased the nanoparticles 

become elongated and form nanocrystalline rods up to 50 nm in length. The study thus reveals a size-

dependent amorphous structure when going to the nanoscale and provides further knowledge on how metal 

oxide crystal structures changes at extreme length scales. 

Introduction
For decades, nanoscientists have studied how nanosizing materials can alter and enhance their functional 

properties.1-7 The size-dependent properties of many materials relate to both increased surface area and 

changes in electronic and magnetic structure, and advances in nanomaterial synthesis mean that some 

nanomaterials can be precisely produced for specific applications.6,8-11 However, the effect of nanosizing 

on the atomic structure in many nanomaterials is not well-understood, and the atomic structure of a 

nanoparticle is often assumed to be a cutout of the corresponding bulk material.8,12 Nevertheless, 
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nanosizing can induce significant changes in atomic structure,2,13-16 and the impact of the particle size on 

atomic structure varies widely with material type and structure. For ZrO2 nanoparticles, for example, small 

particle size has been reported to lead to stabilization of the technologically important tetragonal and cubic 

crystal structures rather than the bulk monoclinic structure.17,18 In MoO2, nanosizing leads to defects in the 

rutile structure, inducing disordered shear-planes,19 and many metallic nanoparticles are known to take 

structures different from bulk fcc and hcp structures such as icosahedral and decahedral motifs.20-22 

However, despite the massive interest in nanomaterials, very few studies have systematically investigated 

the size-structure relationship in nanomaterials.2 This limited knowledge can likely be attributed to the 

challenges of characterizing the atomic structure of nanomaterials. The small size and related atomic 

disorder make it difficult to extract structural information using e.g. X-ray powder diffraction (XRD) and 

transmission electron microscopy (TEM). However, these issues can be overcome by applying high-energy 

X-rays to perform Total Scattering experiments together with Pair Distribution Function analysis.2 The 

intuitive structural interpretation of the PDF makes it possible to characterize complicated nanostructures 

based on simple models.  

 In this paper, we present a systematic investigation of size-dependent atomic structure in tungsten oxide 

nanoparticles. The structural chemistry of bulk tungsten oxides is very rich and diverse, which has led to a 

large number of applications, for example in catalysis,23-26 supercapacitors,25,27-29 optical devices25,30-33 and 

gas-sensors.25,34-37 Bulk tungsten oxides can be considered built from [WO6]-octahedra with W mostly in 

oxidation state 4+, 5+, and 6+. Two WO2 crystal structures are known: a monoclinic distorted rutile structure 

and a high-pressure orthorhombic structure.38,39 The phase diagram of tungsten oxides containing W5+ and 

W6+ is considerably more complex and at least eight different crystalline polymorphs are known for fully 

oxidized WO3.40-43 Six of them are based on the corner-sharing network of the cubic ReO3 structure, but 

due to distortions in the [WO6]-octahedra, phases form with symmetries ranging from cubic to triclinic.40,41 

A monoclinic, ReO3-based WO3 structure is seen in Figure 1A. Additionally, at least two hexagonal WO3 

phases are also known, where the [WO6]-octahedra form a layered structure of hexagonal columns.40-43 

Upon partial reduction of W6+ to W5+ several different WOx phases (2<x<3), can form such as W10O29 (WO2.9) 

and W18O49 (WO2.72).40,41 In general these structures form through the formation of shear-planes or 

bipyramidal pentagonal columns in the ReO3-type structure, as illustrated in Figure 1B (W10O29) and Figure 

1C (W18O49).40,41 The more reduced the compound is, the more shear-planes or bipyramidal pentagonal 

columns are formed.40,41 Tungsten oxides also form several hydrates, such as the WO3·0.3H2O in Figure 

1D, as well as tungsten bronzes, which are tungsten oxides with intercalated cations.40,41 
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Figure 1: Overview of some tungsten oxide compounds. (A)-(F) show 6 examples of tungsten oxide 

compound structures. The structures are (A) monoclinic WO3, (B) W10O29, (C) W18O49, (D) WO3·0.3H2O, 

(E) the metatungstate ion [H2W12O40]6-, and (F) the paratungstate ion [H2W12O42]10-. W is shown in blue, O 

in red, and H is omitted for clarity. 

The complexity of solid-state tungsten oxide structures is mirrored by the structure of tungsten oxide 

compounds in solution. In solution, tungstates can form polyoxometalates (POMs), which are large 

polyanions built from corner- and edge-sharing [WO6]-octahedra. Unlike the crystalline structures, edge-

sharing octahedra are also present when W is in oxidation state 6+, as seen for example in the 

metatungstate ion [H2W12O40]6- which adopts the well-known Keggin cluster structure as seen in Figure 1E. 

It is common for POMs to contain almost equal amounts of edge-sharing and corner-sharing octahedra, as 

also seen for paratungstate B [H2W12O42]10- in Figure 1F.44
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Figure 2: The structure sketches in (A)-(D) show the fundamental interatomic distances found in tungsten 

oxide compounds. The first distance (A) is W-O bonds. The second distance (B) is a W-W distance which 

occurs between two edge-sharing [WO6]-octahedra and (C) between a [WO6]-octahedron and a bipyramidal 

pentagonal column. The third distance (D) is the W-W distance between two corner-sharing [WO6]-

octahedra. W is shown in blue, O in red, and H is omitted for clarity. In (B), (C), and (D), O is also omitted 

for clarity. (E) shows the calculated PDFs for the structures seen in Figure 1. The vertical lines indicate the 

3 fundamental distances in the tungsten oxide compounds shown in (A)-(D).

The basic building block of all these compounds are corner- and edge-sharing [WO6]-octahedra. If 

considering their local atomic structure, they give rise to 3 basic interatomic distances, which are depicted 
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in Figure 2A-D. W-O distances in tungsten oxides are reported to be approximately 1.8-2.5 Å, depending 

on geometry and oxidation states (Figure 2A). A W-W distance between two edge-sharing [WO6]-octahedra 

(Figure 2B) or between a [WO6]-octahedron and a [WO7]-bipyramidal pentagon (Figure 2C) is 

approximately 3.3 Å. In WO2, however, the distance is considerably shorter and can be between 2.5-3.1 

Å.38,39 Finally the W-W distance between two corner-sharing [WO6]-octahedra is around 3.7-3.9 Å (Figure 

2D).

Figure 2E illustrates the calculated PDFs of the 6 structures shown in Figure 1A-F. As can be seen, PDF 

is a powerful way of characterizing and distinguishing between structures of tungsten oxide compounds, 

both in the crystalline form and as polyoxometalate nanoclusters. The relative amount of edge-sharing 

[WO6]-octahedra (the peak at r = 3.3 Å) compared to corner-sharing [WO6]-octahedra (peak at r = 3.8 Å) 

show the differences between various POMs and crystalline tungsten oxides in a straightforward way. PDF 

has previously been applied for studies of amorphous and nanostructured tungsten oxides. For example, 

Lugovskaya et al.45 found that an amorphous tungsten oxide had a local structure similar to WO3·0.3H2O 

(Figure 1D), while Jürgen et al.46 found that their sample of amorphous tungsten oxide had a structure 

unlike any crystalline tungsten oxides with much lower W-O coordination number and direct W-W bonding. 

The diverse structural chemistry of bulk tungsten oxides is thus well known, and we here study the effects 

of nanoparticle size on the tungsten oxide crystal structure. Based on a synthesis method first reported by 

Soultandis et al.,47 we synthesize nanomaterials with different particle sizes, and use a combination of PDF 

analysis, TEM, and Small-Angle X-ray Scattering (SAXS) for characterization. We show that the particle 

size and morphology can be controlled by changing the initial precursor concentration. At lower 

concentrations, the synthesis yields ultra-small tungsten oxide nanoparticles with an amorphous structure 

whose local structure is unlike any known crystalline tungsten oxide. By increasing the concentration, the 

size of the nanoparticles increases, and the particles become crystalline. While amorphous nanoparticles 

are well known, this is the first time, to the best of our knowledge, that the amorphous structure is shown 

to be a direct consequence of nanoparticle size. 

Results and Discussion
Five samples of tungsten oxide nanoparticles were prepared by thermal decomposition of ammonium 

metatungstate hydrate (AMT) in oleylamine at 250 ºC with varying precursor concentrations. Figure 3A 

shows X-ray scattering patterns obtained from the 5 samples. The scattering patterns from the two samples 

prepared with the lowest precursor concentrations show only a few broad features which are consistent 

with very small or disordered nanoparticles. The three samples prepared with higher concentrations give 

rise to at least one Bragg peak and a few other broader features in their scattering patterns. To better study 

the structure, we turn to PDF analysis of the data. The PDFs obtained from the samples are shown in Figure 

3B. Again, we see a clear difference between the samples synthesized with low AMT concentrations (5 and 

10 mM) and the samples synthesized with high AMT concentrations (15, 20, and 25 mM). In the PDFs from 

the lower concentration samples, clear peaks extend to only r ≈ 8 Å. As opposed to bulk tungsten oxides 
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they appear to contain a larger amount of edge-sharing octahedra than corner-sharing octahedra, as the 

peak at r = 3.3 Å is more intense than the peak at r = 3.8 Å. In the PDFs obtained from the samples 

synthesized with 15 mM, 20 mM and 25 mM precursor concentrations, clear peaks extend beyond r = 10 

Å as expected for materials showing Bragg peaks. The PDFs are plotted to their full range in Figure S1. 

The increase in size and order can only be related to the increase in concentration as all other synthetic 

parameters are identical in the 5 syntheses. 

Figure 3: (A) The total scattering data from the 5 samples studied. In the 15, 20, and 25 mM samples a 

Bragg peak is visible at 1.65 Å-1. (B) PDFs obtained from the 5 samples. 

Before further analysis of the atomic structure of the nanoparticles, we first characterize the particle size 

and size distribution using Small-Angle X-ray Scattering (SAXS). SAXS data were measured for the 5 and 

10 mM samples. The nanoparticles aggregated very quickly and if left undisturbed they packed into a well-

ordered nanoscale lattice as seen in Figure S2. However, SAXS data collected immediately after sample 

preparation before the formation of a nanoparticle lattice could be modeled using a spherical form factor 

with a lognormal size distribution, the hard-sphere structure factor formulated in SASview48 and a power 

law to describe the aggregation of nanoparticles.49-51 Further details on the model and the parameters used 

are given in the SI. The SAXS data show that the nanoparticles synthesized with 5 mM precursor 
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concentration (Figure 4A) are on average 2 nm in diameter which is consistent with the size reported by 

Soultanidis et al.47 Analysis of the SAXS data from the samples synthesized with 10 mM precursor 

concentration show a particle size of ca. 4 nm in diameter (Figure 4B). 

In Figure 4C the PDFs for the two samples are plotted with an indication of the size obtained from SAXS. 

If the particles were nanocrystalline and had an ordered structure, we would expect to see clear PDF peaks 

to almost this r-value, taking into account instrumental PDF damping. The difference between the extent of 

atomic ordering as investigated by PDF and the particle size obtained from SAXS modelling means that 

the atomic structure of the nanoparticles cannot be nanocrystalline. Instead, they appear amorphous, as 

also indicated by the broad features in the PDFs at ca.  r = 10 Å.
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Figure 4: SAXS data for the 5 (A) and 10 mM (B) samples together with calculated SAXS patterns for 2 

nm (A) and 4 nm (B) spherical nanoparticles with particle-particle interactions described using a hard-

sphere structure factor. The inserts show the corresponding lognormal size distributions. All SAXS data are 

plotted on a double logarithmic scale. (C) The PDF for the two samples with the SAXS size indicated, 

compared to the degree of ordering in the PDFs. 
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Structural characterization of amorphous samples
PDF analysis allows identifying the main structural motifs present in amorphous materials with only local 

atomic order. Considering the PDFs shown in Figure 3B, the first peak in the PDFs from all samples can 

be assigned to the W-O bond at r = 1.8 Å which indicates [WO6]-octahedra with W5+ or W6+. The two next 

peaks are at r = 3.3 Å and r = 3.8 Å which is the W-W distances expected for structures containing W5+ or 

W6+ as discussed above. In the amorphous nanoparticles (5 and 10 mM samples) the peak at 3.3 Å arising 

from edge-sharing [WO6]-octahedra is more prominent compared to the 3.8 Å peak from corner-sharing 

[WO6]-octahedra. This trend is not observed in crystalline tungsten oxides as illustrated in the calculated 

PDFs shown in Figure 2E. In a study of amorphous tungsten oxide films prepared by thermal evaporation,  

Lugovskaya et al.45 used PDF for structure characterization and did not observe any significant intensity at 

r = 3.3 Å as opposed to the nanoparticles reported here. Jürgen et al.46 observed a W-W PDF peak at 2.5 

Å from a tungsten oxide thin film prepared using rf sputtering, which we do not observe in our samples. The 

structure of the nanoparticles studied here thus appears different than any previously reported crystalline 

or amorphous tungsten oxides.

The intense PDF peak at r = 3.3 Å indicates that the structure of the nanoparticles may resemble that 

found in POMs. The precursor for the synthesis, ammonium metatungstate hydrate, contains the 

metatungstate ion [H2W12O40]6- (Figure 1E), but, as seen in Figure 5A, the metatungstate cluster structure 

does not describe the PDF from the amorphous particles well. We have previously studied the formation of 

tungsten oxides nanomaterials, showing that metatungstate converts into the paratungstate B ion, 

[H2W12O42]10- (Figure 1F) when heated in oleylamine.52 When using the paratungstate B cluster structure 

as model, a better agreement with the experimental PDF is seen as illustrated in Figure 5B. The 

paratungstate contains interatomic distances that nicely overlap with the peak positions up to 7 Å in the 

PDF from the 5 mM sample. However, the intensities of the peaks in the PDF of paratungstate B do not 

match the experimental PDF. As can be seen in the fit in Figure 5B, the nanoparticles contain more edge-

sharing [WO6]-octahedra compared to corner-sharing [WO6]-octahedra, as the peak at r = 3.3 Å is more 

intense than the peak at r = 3.8 Å. In the paratungstate B cluster, this is reversed with the peak at r = 3.8 Å 

as the most intense peak, also seen in Figure 5B. The local structure of the amorphous nanoparticles is 

therefore similar to the atomic structure of the paratungstate cluster but more disordered and with fewer 

corner-sharing octahedra. 

To obtain a better fit, we therefore altered the paratungstate model. By systematically removing [WO6]-

octahedra from the paratungstate cluster and fitting the resulting fragment structure to the experimental 

PDF we are able to identify which motifs are present in the amorphous structure. The fragments were fitted 

by refining a scale factor, a single atomic displacement parameter (ADP) for the W atoms (Uiso, W,) and a 

single ADP for the O atoms (Uiso, W,). Afterwards the W atomic positions were refined but constrained not to 

move more than 0.05 Å along the x, y, and z-directions.  The structures that best describe the PDF from 

the 5 mM sample contain around 6-8 [WO6] octahedra. Figure 5C shows a fit of the one of the fragments 

which is built up from 7 [WO6] octahedra. Clusters containing 6 or 8 octahedra also gave a good fit to the 
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experimental PDF as seen in Figure S3 and S4.  Figure S5 show an example of fits using a model with only 

4 octahedra which does not give enough intensity to the edge-sharing peak compared to the experimental 

PDF of the 5 mM sample. The well-fitting structures all contain a “triad” of edge-sharing [WO6]-octahedra 

as their central motifs, as marked in green in Figure 5D, 5E, and 5F. The remaining octahedra are all corner-

sharing with the triad, and edge- or corner-sharing with each other.  

The PDF from the 10 mM sample could be described in the same way. However, the structure of this 

sample appears more disordered than that synthesized with 5 mM precursor concentration, as no clear 

PDF peaks are seen at r-values above 6 Å (Figure 4C). This is also reflected in the PDF fitting, illustrated 

in Figure S6. The best model identified for the 10 mM sample contain only 5 octahedra, however, the triad 

motif is again significant for obtaining a good fit.

It is here important to note that the models presented should not be considered unique structure 

solutions to the two samples. Instead, they are simple representations of the dominant structural motifs 

present. The models thus show that the atomic structure of the smallest tungsten oxide nanoparticles is an 

amorphous network based on triads of edge-sharing [WO6]-octahedra, commonly found in POMs, 

connected through corner-sharing [WO6]-octahedra. Models based on POM clusters without the triad motif 

such as the Lindqvist cluster or the Tungstate Y cluster were also tested as starting models, but they could 

not fit the intensity ratio of the edge- and corner-sharing peaks, or the peaks at higher r-values.
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Figure 5: (A) The fitted PDF of metatungstate (structure shown in D) to the PDF obtained from the 5 mM 

sample. (B) The fitted PDF of paratungstate (structure shown in E) to the PDF obtained from the 5 mM 

sample. (C) The fitted PDF of the structure seen in (F) to the PDF obtained from the 5 mM sample. The 

triad in green highlights the common motif in the POMs that describe the local structure of the amorphous 

nanoparticles.  
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Structural characterization of nanocrystalline nanoparticles
The samples synthesized with high AMT concentrations (15, 20, and 25 mM) all show a single, clear Bragg 

peak at approximately Q = 1.65 Å-1 (corresponding to a d-spacing = 3.8 Å) while the remaining features are 

broad. Similar scattering patterns have been reported for a range of different tungsten oxide 

nanomaterials.47,53-57 However as shown in Figure 6A, Bragg peaks and d-spacings in this range occur in 

almost all reported WOx crystal structures, and we therefore cannot identify the crystalline phase from this 

information alone. We therefore again turn to PDF analysis.

Before further discussing the PDFs obtained from the 15, 20, and 25 mM samples, we address the 

nanoparticle size and shape using TEM. Figure 6 shows TEM images from the samples synthesized using 

15 mM (Figure 6B) and 20 mM (Figure 6C) precursor concentration, which confirm that the nanoparticles 

synthesized at high concentrations are nanorods. The size of the nanorods is not very uniform. The smallest 

nanorods are observed in the 20 mM sample and are only 1 nm wide and 5 nm long. In the 15 mM sample, 

however, we observe rods that are 5 nm wide and up to 50 nm long. This is consistent with the PDF results 

where clear peaks extend the furthest into r in the PDF obtained from the nanoparticles synthesized at 15 

mM. However, in all the samples most of the nanorods are between 2x15 nm to 4x20 nm. Additional TEM 

images from the samples synthesized at 15, 20 and 25 mM as well as nanoparticles synthesized at 25 mM 

at 300 oC for 3 h are presented in Figure S7-S10, which all show the same features. 

We start our structural analysis of the high concentration samples by considering the PDF obtained from 

the 15 mM sample. The first three main peaks are at r = 1.8 Å, 3.3 Å and 3.8 Å, which corresponds to the 

W-O distance, the W-W in edge-sharing octahedra/pentagonal bipyramids and the W-W distance corner-

sharing octahedra. The presence of the peak at 3.3 Å shows that the sample cannot be described by any 

of the known WO3 phases, as they do not contain any edge-sharing [WO6]-octahedra or [WO7]-pentagonal 

bipyramids. As shown in Figure S11 WO2 also cannot describe the experimental PDF. Instead, the atomic 

structure of the nanorods appear to resemble the WOx (2<x<3) crystal structures. Figure 7 and Figure S12-

S17 show fits to the PDF using the different WOx crystal structures reported in the literature. Each fit is 

performed by refining the scale factor, unit cell parameters, the atomic positions of the W atoms constrained 

by the symmetry of the reported crystallographic space group, and a spherical crystallite size. An isotropic 

ADP value (Uiso, W,) for all W atoms, an isotropic ADP value for all O atoms (Uiso, O), and a parameter to 

describe correlated atomic motion (2) were also refined. The reported tungsten oxide phases that best 

describe the experimental PDF are those which contain bipyramidal pentagonal columns, for example 

W18O49 as shown in Figure 7A. Phases that instead contain shear-planes such as W10O29 fail to provide a 

good description of the PDF as shown in Figure 7B. 
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Figure 6: (A) Comparison of the diffraction pattern obtained from the 15 mM sample to the calculated 

diffraction pattern from W10O29, W18O49 and m-WO3. The one Bragg present in the data arise from most 

known tungsten oxide crystal structures. (B) TEM image of a nanorod from the 15 mM sample. (C) TEM 

image the 20 mM sample, showing nanorods. Some spherical nanoparticles are also visible, marked with 

yellow circles. 
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While the structures containing bipyramidal pentagonal columns account for all PDF peaks, they fail to 

accurately describe the intensities of the 3.3 Å and 3.8 peaks. Furthermore, the Uiso,.O parameter refine to 

the unphysical value of 0.1 Å2 or above. In the fits shown, the Uiso,.O value has been fixed to 0.05 Å2. The 

high ADP value for O indicates a high degree of oxygen disorder in the structure. To see if it was possible 

to further improve the description of the experimental PDF, we investigated crystal systems with similar 

crystal structures as WOx (2<x<3) containing shear planes or pentagonal columns, such as MoOx, NbOx, 

MoNbOx, WNbOx and WMoOx. In our modelling starting from these phases, all metal atoms were replaced 

with W. Example fits for all these systems are shown in Figure S18-S25. We found that a good fit of the 

PDF obtained from the 15 mM sample could be obtained by using a Nb2WO8 phase with Nb exchanged for 

W.58 When the Nb atoms are replaced with W, the Nb2WO8 phase becomes a W3O8 phase. W3O8 crystal 

structures have been reported before,59 but none of the reported phases can describe the PDF as shown 

in Figures S14 and S15. Both the previously reported W3O8 phases are high-pressure phases with crystal 

structures that are different from other WOx structures with one containing edge-sharing octahedra not 

formed from shear-planes and the other containing pentagonal bipyramids that are corner-sharing with 

each other.59 

As seen in Figure 7C, the W-substituted Nb2WO8 structure can accurately describe the ratio of the r = 3.3 

Å and r = 3.8 Å peaks, while also simultaneously describing the PDF up to 20 Å as shown in Figure 8A. 

Other phases such as Mo9O26 also have the correct ratio of edge/corner-sharing octahedra but cannot 

describe the structure beyond 8 Å, see Figure S18. Furthermore, the Uiso,.O value of the W-substituted 

Nb2WO8 phase refine to the much more physical value of 0.01 Å2, suggesting that the W-substituted 

Nb2WO8 phase much better describes the O disorder present in the nanoparticles synthesized at 15 mM. 

The W-substituted Nb2WO8 crystal structure distinguishes itself from other bipyramidal pentagonal columns 

containing crystal structures by being one of the few phases where all octahedra are part of a bipyramidal 

pentagonal column. This gives it a high number of W-W distances at 3.3 Å compared to the W-W distances 

at 3.7 Å. Other examples of such phases are one of the previously reported W3O8 phases59 and a 

Nb22W20O102 phase,60 but none of these phases have their polyhedra arranged in a way that describe the 

PDF as shown in Figures S15 and S22. In the original Nb2WO8 structure, the Nb and W atoms are 

distributed across all metal sites which we interpret as mixed occupancy of W5+ and W6+ on the metal sites. 

The W-substituted Nb2WO8 phase is shown alongside the W18O49 and the W10O29 in Figure 7D-F and the 

refined parameters for the fits in Figure 7 are seen in Table S3-S5.
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Figure 7: PDF fits of W10O29 (A), W18O49 (B), and W-substituted Nb2WO8 (C) to the data obtained from the 

15 mM sample. The crystal structure of W10O29 (D), W18O49 (E) and W-substituted Nb2WO8 (F)

The PDF from the 15 mM sample was also fitted over a longer range (r = 1-40 Å) in order to obtain 

information more information on the morphology of the particles. When using a simple model, where the 

size-dependent dampening of the PDF is described with a spherical envelope we obtain an average 

diameter of 23 Å as show in Figure 8A. However, this spherical particle model cannot describe the 

elongated shape of the nanoparticles and therefore does not account for the PDF peaks seen at the highest 

r-values. The fit reveals that the peaks that are not fitted when using this simple approach are spaced with 
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a repeating distance of 3.8 Å. This is exactly the height of a [WO6] or [WO7] unit, as shown in Figure 8A. 

The unit cell parameters of the W-substituted Nb2WO8 phase refines to a = 3.82 Å, b = 18.46 Å and c = 

16.06 Å which indicates that the repeating distance of 3.8 Å occurring beyond 23 Å is due to the unit cells 

stacking on top of each other to form the nanorod. As shown in Figure S26 the calculated diffraction pattern 

from the refined cell fits well with the measured scattering pattern. The intense Bragg peak observed in the 

measured data arise due to the (100) plane in the W-substituted Nb2WO8 structure which show that the 

nanorods grow along the <100> direction. The PDF peaks seen above 23 Å therefore primarily represent 

interatomic distances along the <100> direction. From the PDF refinements, we can therefore estimate the 

diameter of the nanorods (size along <010> and <001>) to be ca. 20-25 Å. Here, it should be noted that 

the size of the W-substituted Nb2WO8 unit cell is b = 18.46 Å and c = 16.06 Å, i.e. in the same size-range 

as the estimated particle width. We do not interpret the nanorods as having a perfectly well-defined Nb2WO8 

crystal structure, but rather that this structure contains the correct [WO6]-octahedra and [WO7] arrangement 

and therefore describes the experimental PDF.

In Figure 8B, we compare the PDFs obtained from the 15, 20, and 25 mM samples, i.e. the samples 

containing nanorods. The PDFs show similar features, except for the increasing intensity of the r = 3.3 Å 

peak with increasing AMT concentration. This indicates an increase in the amount of edge-sharing [WO6]-

octahedra or [WO7]-pentagonal bipyramidal columns in the samples synthesized with higher precursor 

concentration. Figure 8C shows a fit to the PDF from the 25 mM samples using the W-substituted Nb2WO8 

structure. The model describes all features in the PDF except for the extra intensity at 3.3 Å. A similar fit is 

obtained for the 20 mM sample (Figure S27). None of the known tungsten oxide crystal structures can fit 

the extra intensity at 3.3 Å in the PDFs obtained from the 20 and 25 mM samples. However, as indicated 

in the TEM image shown in Figure 6C, the 20 mM sample also contains some spherical nanoparticles that 

are smaller than 4 nm.  The presence of nanoparticles with the same amorphous structure as described 

earlier would explain the relative increase of the peak corresponding to edge-sharing [WO6]-octahedra. To 

test this hypothesis, we modelled the PDFs from the 20 mM and 25 mM samples with a 2-phase fit, i.e. the 

W-substituted Nb2WO8 crystal structure and a cluster representing the amorphous structure. For simplicity, 

the amorphous particles were modelled using a single triad with a corner-sharing [WO6]-octahedra (Figure 

8D), i.e. a structure with 4 [WO6] octahedra. The combined fit provides a good description of the PDF of 

both samples, as seen in Figure S28 and Figure 8D. 

The refined parameters obtained for the crystalline phase from modelling of the 15 mM, 20 mM and 25 mM 

sample are given in Tables S5-S7. The refined parameters for all three samples are similar, except for the 

spherical diameter that refines to 23 Å for the 15 mM sample, 19 Å for the 20 mM sample, 17 Å for the 25 

mM sample. However, considering the simple modelling and the large polydispersity present in the 

samples, these differences are not likely to be significant.
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Figure 8: (A) The fit from Figure 7C extended to r = 40 Å. The peaks not described by the spherical size 

model are spaced with approximately 3.8 Å between each peak which corresponds to the height of a [WO6]-

octahedron. (B) Comparison of the PDFs from the 15, 20, and 25 mM samples where it can be seen that 

the intensity of the r = 3.3 Å peak increases as the precursor concentration is increased. (C) The fit of the 

W-substituted Nb2WO8 structure to the PDF from the 25 mM sample, where the model cannot fit the 3.3 Å 

peak. (D) A combined fit with the W-substituted Nb2WO8 structure and the inserted structure to the PDF 

from the 25 mM sample. The structure in the insert represents the local structure of the amorphous 

nanoparticles. The black curve is the difference curve, and below are the relative contributions from the two 

structures. The refined parameters are seen in Table S6.
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Figure 9: (A) Comparison of PDFs from 3 samples synthesized with 25 mM concentration at 250 or 300 oC 

for 2 and 3 h. Increasing the heating time slightly reduces the intensity of the 3.3 Å peak, while increasing 

the temperature greatly reduces the extra intensity at r = 3.3 Å. (B) Fit using the W-substituted Nb2WO8 

phase to the PDF from the nanoparticles obtained at 300 oC with a concentration of 25 mM after 3 h heating.

Heating time and temperature effects
To investigate the effects of reaction time and temperature on the synthesis, nanoparticles were also 

synthesized with longer reaction times (increased from 2h to 3h) and at higher temperature (300oC instead 

of 250oC). Figure 9A shows PDFs illustrating the effect of these parameters. When keeping a reaction 

temperature of 250oC, increasing the heating time only slightly altered the ratio of the peaks at r = 3.3 Å 

and r = 3.8 Å and did not have any major impact on the nanoparticle structure. However, increasing the 

temperature to 300oC dramatically reduces the intensity of the r = 3.3 Å peak as seen in Figure 9A. The fit 

in Figure 9B demonstrates that the nanorods can again be described with the W-substituted Nb2WO8 

structure, without the need for a second phase representing the amorphous particles. The refined 

parameters are shown in Table S8. The higher temperature thus ensures conversion of the remaining 

amorphous nanoparticles into crystalline nanorods, while not affecting the atomic structure of the formed 

nanorods. The spherical diameter refines to 25 Å indicating increased growth of the nanorods. 
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The conversion of the smaller amorphous nanoparticles into nanorods indicates a formation and growth 

mechanism of the nanorods based on the amorphous nanoparticles. At low concentrations, only the 

smaller, amorphous nanoparticles form. At higher concentrations the amount of formed amorphous 

nanoparticles will be large enough for some of them to meet and form crystalline nanorods. The rods will 

then grow, possibly through an oriented attachment-like mechanism along the crystallographic a-direction 

by attaching the amorphous nanoparticles to the ends of the nanorods. When a sufficient number of 

amorphous nanoparticles have formed rods, the number of amorphous nanoparticles becomes too low for 

further reaction resulting in a mixture of the two types of particles in the sample. By increasing the 

temperature, it is possible to overcome the possible barrier stopping the remaining amorphous 

nanoparticles from reacting and convert them to crystalline nanorods.  

Figure 10: The PDFs obtained from the samples synthesized at 12.50 and 13.75 mM at 250 oC for 2 h 

compared to the PDF of the samples synthesized at 10 and 15 mM mM at 250 oC for 2 h. A small amount 

of the crystalline nanorods have been formed at 12.50 and 13.75 mM.

To further investigate when crystalline nanorods formed, we also synthesized two samples using 

precursor concentrations of 12.5 and 13.75 mM at 250 oC for 2 h. Total scattering data were collected 

(Figure S29), and the PDFs obtained from these two samples are shown in Figure 10. As evident in the 

small increase of intensity of the corner-sharing peak and the appearance of peaks at r = 7.6 Å and r = 8.5 

Å in the PDFs, a small number of crystalline nanorods appear to have formed. This suggests that there is 

an optimal concentration for minimizing the formation of the amorphous nanoparticles at ca. 15 mM.  

The results show that the size of the nanoparticles influences the atomic structure, but the physical 

effect behind this is not yet clear. From other systems, it is well known that nanoparticles at ambient 

conditions can take polymorphs that are usually only observed at high pressure,61 or phase transitions in 

nanomaterials can take place at lower pressures than observed for bulk materials.62 This may be due to 

the large surface-to volume ratio of the nanoparticles, elevating the pressure on the particles.63 In bulk 

tungsten oxides, amorphization has been observed when subjecting the material to high pressure,64 and 
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the size-dependent amorphous structure we observe is likely to be related to this effect.63 The amorphous 

structure may also be associated with the synthesis pathway as an unstable intermediate before the 

formation of tungsten oxide nanorods.

Conclusion
Through PDF analysis combined with SAXS and TEM, we have studied the structure of tungsten oxide 

nanomaterials synthesized by thermal decomposition of ammonium metatungstate in oleylamine.47 The 

size and shape of the nanoparticles can be controlled through precursor concentration, and it is possible to 

produce both spherical nanoparticles and nanorods. The spherical nanoparticles formed at the lowest 

precursor concentration (below 10 mM) are amorphous and their local structure is not similar to any 

previously reported known tungsten oxide. Instead, the structure is related to the polyoxometalate 

paratungstate B. The nanoparticles thus adopt an amorphous structure that is composed of a network of 

triads of edge-sharing [WO6]-octahedra which are connected through corner-sharing [WO6]-octahedra. The 

size of the nanoparticles can be increased by increasing the precursor concentration. At 5 mM precursor 

concentration, the average size of the amorphous particles is ca. 2 nm, while it can be increased to 4 nm 

at 10 mM.

Increasing the precursor concentration to 15 mM yields nanorods. These are nanocrystalline, 

however, their structures are not well-described by any known tungsten oxide. Instead, we used a W-

substituted Nb2WO8 crystal structure containing bipyramidal pentagonal columns to model the PDFs. At 20 

and 25 mM AMT, nanorods were also formed, but so were a secondary phase of smaller, amorphous 

nanoparticles. By raising the synthesis temperature from 250 oC to 300 oC all the amorphous nanoparticles 

converted into crystalline nanorods indicating that the nanorods grow from the smaller amorphous 

nanoparticles. 

The study highlights the large effects nanosizing may have on the atomic structure of materials and to 

the best of our knowledge, this is the first observation of amorphous structure induced by the nanoparticle 

size. Neither the amorphous nanoparticles or crystalline nanorods synthesized and characterized here 

could be described using known tungsten oxide structures. This highlights the need for further insight into 

size-dependent structure, as understanding atomic structure is a prerequisite for further nanomaterial 

development.

Experimental methods

Synthesis

Tungsten oxide nanoparticles were prepared by heating a 20 mL solution of oleylamine (Merck/Sigma 

Aldrich, Technical grade 70 %, 98 % primary amines.) and ammonium metatungstate hydrate, 

(NH4)6[H2W12O40]·xH2O, (Merck/Sigma Aldrich, trace metal basis 99.99 %) to 250 oC under nitrogen flow in 

a 3-necked round-bottomed flask for 2 h. All chemicals were used as received. After 2 h of heating at 250 
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oC, the solutions were left at room temperature to cool down. The samples for Small-Angle X-ray Scattering 

(SAXS) and Transmission Electron Microscopy measurements were taken directly from the reaction mixture 

and suspended in toluene. The remaining particles were then washed with ethanol and acetone, then 

centrifuged to obtain a brown (the 5 and 10 mM samples) or blue powder (the 15, 20 and 25 mM). Five 

samples were prepared with the AMT concentrations 5, 10, 15, 20, and 25 mM. The synthesis was also 

performed with 25 mM precursor concentration for 3 h at 250 and 300 °C.

Total scattering and Pair Distribution Function analysis

Total Scattering data were measured at the beamlines DanMAX at MAXIV,  P02.165 at PETRA III, DESY 

and 11ID-B at APS, Argonne National Laboratory. The samples were loaded in 1.00 mm Kapton capillaries 

(inner diameter) and data were measured using the rapid acquisition PDF setup66 with the wavelengths 

0.3542 Å (DanMAX), 0.2072 Å (P02.1) and 0.2114 P (11ID-B). Integration of the 2D pattern into 1D patterns 

was done in Fit2D.67 The total scattering data were obtained by measuring 10 2D scattering patterns with 

a 1 min exposure time and summing the frames into a single image before azimuthal intergration.60 No 

changes were observed between the 10 frames obtained, indicating no or negligible beam damage of the 

samples. Background subtraction, normalization and Fourier transformation into the PDFs were done in 

PDFgetX3. For the DESY and APS data, the Q-range from 0.5 to Q of 24 Å-1 was included.68 while the Qmax 

value for the DanMAX data was 19.5 Å-1. The scattering pattern obtained from an empty Kapton capillary 

was used for background correction. Fitting using crystal structure models was done in PDFgui69 while fits 

including the models for amorphous structures were done using Diffpy-CMI.70 

Small-Angle X-ray Scattering 

The nanoparticles suspended in toluene (WMR, 99 %) were sonicated for 2 h and loaded in quartz 

capillaries with an inner diameter of 1.5 mm. The small-angle scattering from the suspension was measured 

at room temperature using a SAXSLab instrument at the Niels Bohr Institute, University of Copenhagen, 

with an X-ray wavelength of 1.54 Å. SAXS data measured from toluene and an empty quartz capillary were 

used for background collection. The data were integrated using the program Saxsgui and analyzed with 

Diffpy-CMI,70 which uses SASVIEW functions.51 Further details of the modelling is available in the 

Supporting Information.  

Transmission Electron Microscopy 

TEM grids (Agar scientific, 200 mesh Cu) were prepared by drop-casting suspensions of the nanoparticles 

in ethanol on the grids. Images were taken with an FEI Tecnai T20 G2 microscope and processed with 

FIJI.71
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