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Abstract 

The most promising candidate as an everyday alternative to lithium-ion batteries (LIBs) 

are sodium-ion batteries (NIBs). This is not only due to Na abundance, but also because 

the main principles and cell structure are very similar to LIBs. Due to these benefits, NIBs 

are expected to be used in applications related to large-scale energy storage systems and 

other applications not requiring top-performance in terms of volumetric capacity. One 

important issue that has hindered the large scale application of NIBs is the anode 

material. Graphite and silicon, which have been widely applied as anodes in NIBs, do not 

show great performance. Hard carbons look very promising in terms of their abundance 

and low cost, but they tend to suffer from instability, in particular over the long term. In 

this work we explore a carbon-coated TiO2 nanoparticle system that looks very promising 

in terms of stability, abundance, low-cost, and most importantly that safety of the cell, 

since it does not suffer from potential sodium plating during cycling. Maintaining a nano-

size and consistent morphology of the active material is a crucial parameter for 

maintaining a well-functioning cell upon cycling. In this work we applied Anomalous 
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Small Angle X-Ray Scattering (ASAXS) for the first time at the Ti K-edge of TiO2 anatase 

nanoparticles on different cycled composite electrodes in order to have a complete 

morphological overview of the modifications induced by sodiation and desodiation. This 

work also demonstrates for the first time that the nanosize of the TiO2 is maintained upon 

cycling, which is in agreement with the electrochemical stability. 

INTRODUCTION 

Lithium-ion batteries (LIBs) are the power source of choice for portable 

electronic devices and for hybrid and fully electric vehicles.1–3 However, the use of 

lithium as the main power source for electromobility and stationary applications is 

questionable due to limited global lithium resources and sustainability in terms of the 

harmful elements of their costituents.4 Several “beyond lithium” technologies with more 

sustainable chemistries are currently being investigated, including potassium ion batteries 

(PIBs), magnesium ion batteries (MIBs), and sodium ion batteries (NIBs), but NIBs are 

closest to commercialization for several reasons.5–8 One is the abundance of sodium in 

both seawater and the Earth’s crust, which offers practically unlimited overall availability. 

Additionally, NIBs and LIBs share the same working principles and cell structures, thus 

Na cells will benefit from previously developed battery cell-manufacturing technologies.9 

However, for this system appropriate anode materials are still needed. Hard carbons look 

like a very promising candidate for anode in NIBs,10 but they suffer from safety concerns 

due to a long plateau in the voltage profile which is very close to the Na metal plating 

potential.11,12 Moreover, graphite has been investigated as an anode material for NIBs, but 

it shows poor performance in terms of capacity.13–15 Among all the suitable low-cost and 

abundant candidates, TiO2 anatase nanoparticles have shown some of the most intriguing 

performance characteristics in terms of stability alongside the fact that it does not suffer 

from the risk of sodium plating upon cycing.16,17,18 It has been demonstrated that particle 

size and carbon coating strongly control the electrochemical performance of TiO2 in 

NIBs.19 The carbon coated TiO2 nanomaterials synthesized by Tahir, et al.19 show 

extraordinary performance in terms of specific capacity (up to 227 mAh g-1), rate 

capability, stability, and efficiency (≈99.8%).  In our previous work, the electrochemical 

mechanism of Na+ ion insertion in this high-performance material was successfully 

followed. In this work we demonstrate that the Na+ insertion in TiO2 occurs after an initial 

activation and structural amorphization, which result in electronic and atomic structural 

rearrangements in tandem with the electrochemical behavior of the active material.20 For 

completeness, in this work we apply a particular property of the Small Angle Scattering 

(SAXS) technique, such as the Anomalous SAXS (ASAXS) one in order to directly probe 

changes in the TiO2 nanoparticle size during the sodiation/desodiation cycle. Particle 

aggregation and Ostwald ripening21 are phenomena commonly observed in solid 

solutions, and represent pathways that can strongly decrease the electrochemical 

performance of a cell comprised of nanocrystalline materials. In this work, we use 

ASAXS to investigate the effect of the sodiation and desodiation process on the TiO2 the 

particle’s size. 

Anomalous Small Angle X-ray Scattering: Theory 

Small Angle X-Ray Scattering (SAXS) is a well-known and powerful method 

for the characterization of nano-sized objects below ~1 nm and up to ~100 nm, and which 

is independent of the atomic structure of the system. SAXS cannot only be used to 
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determine size but also information related to the size distribution and morphology of the 

nanostructures. However, in the case of multi-component systems it can be difficult to 

distinguish the contribution to the SAXS signal arising from the matrix from that of the 

nanoparticles, which consequently complicates data evaluation.22–24 An electrode is a good 

example of this case, as they are composed of different constituents including a 

conductive matrix, the active nanomaterial, and a binder, all of which contribute to the 

total SAXS signal. Anomalous SAXS (ASAXS) gives the possibility to distinguish the 

scattering contributions arising from different atomic elements and separating these 

contributions. This technique is based on the energy dependence of the atomic scattering 

factors of an element. The scattering factor shows a strong energy dependent response 

close to the absorption edge of an element relative to that far from the edge (equal to the 

electron number of such element Z). This energy dependence influences the intensity of 

the total scattering curve so that far from the edge of an element the intensity is higher 

than close to the edge, highlighting in which q range such element is distributed. In fact, 

in general, the atomic scattering factor,     , can be written as: 

 

                                        (1) 

 

where          is the real part and        the imaginary part of the atomic 

scattering factors. The anomalous dispersion corrections,       and        are energy 
dependent and give information related to the contrast of a given element, in particular 

near an absorption edge. The dispersion corrections are related to each other by the well-

known Kramers–Kronig relation. The total scattering intensity, I(q, E), is a function of the 

X-ray energy and of the magnitude of the momentum transfer   (
  

 
)      

 

 
 , where λ is 

the X-ray wavelength and θ is the scattering angle. It can be written including the 

anomalous contributions as:  

 

                      
            [             ]                                       (2) 

This equation is also known as the Stuhrmann equation,23 and consists of three 

components: the energy-independent normal SAXS term Io(q), the scattering cross term 

I0R(q) and the pure resonant scattering, IR(q). This resonant scattering term contains 

information about the spatial distribution of the resonant chemical element distributed in 

nanosized structures only. To solve the equation, I(q,E), and obtain the resonant scattering 

term, IR(q), scattering measurements must be performed at a minimum of three different 

energies.24  

Anomalous Small Angle X-ray Scattering: measurements and data 

analysis 

ASAXS measurements were performed at the BESSY II synchrotron radiation 

facility (HZB, Berlin, Germany) using the four-crystal monochromator (FCM) beamline 

of the Physikalisch-Technische Bundesanstalt (PTB), the German National Metrology 

Institute.25 The combination of this beamline and the ASAXS instrument of the HZB26 has 

already been described.27 The scattering patterns were recorded with a new in-vacuum 

large-area hybrid pixel detector (Pilatus 1M, Dectris Ltd, Switzerland). As no window is 

required between the sample and the sensitive modules of this detector, the entire photon 

energy range of the FCM beamline (from 1.75 to 10 keV) can be used for SAXS and 

ASAXS measurements. The SAXS measurements were performed at five different 

energies below the Ti K-edge (4768, 4900, 4944, 4959, 4965 eV), as reported in Figure 1 

below. The two-dimensional raw scattering data patterns were collected and reduced as 
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previously described in the literature.20 XAFS measurements were performed at the Ti K 

absorption edge, shown in our previous work.20 To qualitatively evaluate the resonant 

contribution of the TiO2 active material, we evaluate the scattering curves intensity 

multiplied for the square of the modulus of the scattering vector q for all the electrodes. 

The nanoparticle contribution  were finally evaluated to the first approximation using the 

SASfit program28 with a spherical model. 

Sample description 

The samples investigated are composite electrodes, mostly consisting of 

carbon coated TiO2 anatase (labeled as C-TiO2) nanoparticles synthesized and processed 

as previously reported.19 The dry C-TiO2 electrodes had a composition of 65 wt % TiO2, 

25 wt % carbon, including the carbon present in the C-TiO2 particles and the conductive 

agent (Super C65, IMERYS, Switzerland), and 10 wt % binder (polyvinylidene fluoride 

PVDF, ARKEMA). Uncoated TiO2 electrode composition was 65 wt % TiO2, 25 wt % 

Super C65, and 10 wt % PVDF. Three-electrode cells were assembled in a drybox (H2O 

and O2 content lower than 1 ppm) using the prepared electrodes as the working electrodes. 

The electrolyte was a 1 M solution of NaClO4 (98% Sigma-Aldrich) dissolved in a 1:1 

mixture (by volume) of ethylene carbonate (UBE) and propylene carbonate (Sigma-

Aldrich). Sodium metal (99.8%, ACROS ORGANICS) was used as both the counter and 

reference electrodes. Thus, all given potentials in this paper refer to the Na/Na+ reference 

couple. Sodiation at each desired level was achieved by applying a constant current to the 

three-electrode cells to a predefined electrode potential; this potential was then held for at 

least 1 h to allow equilibration of the electrode bulk. After sodiation to the desired level, 

the cells were disassembled, and the electrodes were carefully rinsed in dimethyl 

carbonate (DMC Sigma-Aldrich 99.9%, anhydrous) to remove any residual electrolyte. 

The sample preparation and cell assembly and disassembly were performed in an Ar-filled 

glovebox (with oxygen and water concentrations lower than 0.1 ppm) to avoid any 

reactions with oxygen or moisture. The transfer from the glovebox to the instruments was 

done using an airtight container. For the ex-situ characterization, several cells were 

assembled and stopped at different degrees of sodiation within the first and second cycles 

as described in our previous work.20 Four electrodes were investigated, including a 

pristine sample (S1), after sodiation at 0.15 V (S2), desodiation at 2.0 V (S3), and a fully 

sodiated sample (S4). 

 

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/a

dv
.2

02
0.

25
9

D
ow

nl
oa

de
d 

fr
om

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e.
 IP

 a
dd

re
ss

: 1
51

.6
8.

15
9.

24
4,

 o
n 

24
 Ju

l 2
02

0 
at

 1
3:

11
:1

6,
 s

ub
je

ct
 to

 th
e 

Ca
m

br
id

ge
 C

or
e 

te
rm

s 
of

 u
se

, a
va

ila
bl

e 
at

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e/
te

rm
s.

https://doi.org/10.1557/adv.2020.259
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


 5 

 

Figure 1: Anomalous dispersion corrections f‘  and f’’  for Ti near the Ti K-edge (4966.4 eV). The five 

X-ray energies for the  SAXS measurements are indicated. 

RESULTS AND DISCUSSION 

C-TiO2 composite electrodes: ASAXS and particle size evaluation 

Figure 2 shows the SAXS intensities multiplied by the square of modulus of 

the wave vector q at five different energies for the samples under investigation. In the 

Figure 2 d  the resonant effect represented by different intensities for different energies is 

highlighted. This effect is due to scattering factors difference closer to the Ti K-edge as 

describe in the Anomalous Angle X-ray Scattering Theory section, above. This difference 

is already a fingerprint of the presence of Ti in the q range of the nanoparticles ~ 0.2 - 2.0 

nm-1, or d = 30 – 3 nm. In fact the resonant effect represent only the scattering 

contribution that comes from the Ti element in the sample giving an evidence not only to 

the TiO2 nanoparticles dimension but also to its distribution in the electrode. In our 

previous report, we demonstrated that the q range between 0.04 - 0.24 nm-1 of the SAXS 

curve is related to particle aggregates. We do not observe a resonant effect in this q range 

after electrode preparation and in particular after the first sodiation (S2).  

The resonant effect of the curves in Figure 2 give a first qualitative evaluation 

about the Ti distribution in the cycled electrodes. In fact after the first sodiation, at point 

S2, we could not be sure about the morphology of the nanoparticles and we could not have 

a reliable model for fitting.29 For this reason, additional investigations, such as 

Transmission Electron Microscopy (TEM), are necessary to confirm the nanoparticle 

morphology. However as a first approximation we could assume that the scattering curves 

of all the composite electrodes could be modelled as a sum of two contributions: a curve 

that represent the additives (conductive materials and binder), modelled as standard 

background30 and a spherical particle model. As an example, in Figure 3 the best fit of the 

contribution of the nanoparticles for the sample S4 is reported. The orange curve of Figure 

3 is the nanoparticle contribution obtained by subtracting the background from the total 

scattering curve in magenta. For the investigated electrodes the scattering intensities 

decrease with q with  varies slightly between 3.75 and 3.80, such value is typical of the 

carbon materials31 used as conductive additive. 
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The fit of the fully pristine electrodes (S1) shows the nanoparticles are not 

aggregated and that the average TiO2 nanoparticle diameter is ~9 nm, as confirmed from 

SAXS analysis of the pure C-TiO2 in our previous work.20 After the first cycle, the 

nanoparticle size does not seem to be strongly affected by the sodiation and desodiation 

process. In Figure 4 the normalized and volume waited lognormal size distributions of the 

samples under investigation are reported. The nanoparticle diameters remain between 8 

nm in the fully desodiated case (S3) and ~ 9.5 nm in the fully sodiated (S4) electrodes. 

 

  

Figure 2: SAXS curves collected at 4768, 4900, 4944, 4959 and 4965 eV (a) S1, pristine electrode, (b) 

S2, sodiated at 0.15 V, (c) S3 desodiated at 2.00 V and (d) S4 fully sodiated. 

 

 

Figure 3: SAXS curves collected at 4944 eV alongside the subtracted curve and their best fits for the 

electrode S4 fully sodiated. 
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Figure 4: Normalized and Volume weighted lognormal size distributions of the TiO2 nanoparticles for 

the various investigated samples. 

CONCLUSIONS 

Carbon-coated TiO2 composite electrodes were investigated by ASAXS at 

different degrees of sodiation during electrochemical cycling, demonstrating that the 

nanoparticle sizes remain almost unchanged. It was found that after the electrode 

preparation, the nanoparticles maintain their average diameters, but are no longer 

aggregated, as shown in our previous work for the pure nanoparticle material. 
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