#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue,

Methods for accurate and rapid determination of
purity of battery-grade silicont

i ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2025, 13,
23012 _ _ _ .
Gwen F. Chimonides® and Siddharth V. Patwardhan &

With high lithiation capacity, silicon is set to replace graphite as the active anode material in the next
generation of lithium ion batteries. Si produced from various routes can contain proportions of oxide,
both as a surface layer and in the bulk material. Accurate determination of Si purity is vital for anode
formulation and performance testing. While there are many methods used for measuring the purity of Si,
most of them are laborious, time-/resource-intensive or do not account for surface and bulk
compositions. Here, we present two fast, simple and calibrated methods for the accurate determination
of Si purity by using the thermogravimetric method or X-ray diffraction. The results show that by simply

measuring pure Si and pure silica samples, a theoretical calibration curve can be developed for both
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Accepted Oth June 2025 methods, which shows excellent predictability of Si purity in real samples. Furthermore, we show tha
the thermal analysis was able to account for the dehydration of silica that was previously not noticed.
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Introduction

Silicon has a theoretical lithiation capacity around ten times
higher than that of graphite (~3500 and 372 mA h g7,
respectively); therefore, despite significant challenges, Si has
been adopted as a replacement for graphite as the active anode
material in the next generation of lithium ion batteries.'”®
Current research on Si-based battery anodes includes both
metallurgical® and synthesised Si."**° Furthermore, Si is also
valuable in other applications such as hydrogen production and
storage and carbon dioxide utilisation.” Si materials have
a natural surface oxide layer, and the thickness and composi-
tion are known to affect their performance.™ Many methods of
producing silicon either start with silica (e.g. metallothermic
reduction'?) or are susceptible to silicon oxidation during
formation (silane gas based Si coatings/nanostructures)."***
Further oxidation can take place during downstream process-
ing, leading to varied proportions of SiO,/SiO,,"***® both on
the surface and bulk. Therefore, accurate determination of the
composition is vital for calculating Si active material content in
the anode, for example.

There are several methods for determining the oxygen
content in Si (see Table S17 for a summary); for example, Nils-
sen et al. utilised elemental analysis to obtain concentrations of
oxygen (O) by total combustion.® In these methods, a sample is
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a significant advance in rapidly and accurately quantifying Si purity.

heated in a graphite crucible, and any oxygen present in the
sample reacts with the crucible to form carbon dioxide, which is
detected in the carrier gas by infrared absorption. While this
method is commonly used for analysing the purity of ceramics
and metals, it is suitable for detecting extremely small impuri-
ties (~ppm levels, <1 wt%)." Hence, in the context of Si, they
are limited to surface oxide determination and unsuitable for
determining the bulk composition of oxide in Si (which can be
>1 wt%). Dressler et al. used buoyancy measurements to
analyse the oxygen content in Si based materials. Si from the
samples was reacted with KOH to produce potassium silicates
and hydrogen gas. The volume of hydrogen produced was used
to quantify the content of pure silicon. The remaining amount
of the sample (attributed to oxygen) was used to calculate
oxygen content.” The authors found that this method was not
accurate when compared with benchmark methods and hence
has limited use. This is because it is impractical to consume or
access all available Si due to equilibrium limitations and
potential encapsulation of Si within oxide, respectively. As
a result, this method is laborious, time consuming and semi-
quantitative at best.

Shallenberger developed a method to quantify oxygen
content in thin silicon films by using the Si 2p peak from X-ray
Photoelectron Spectroscopy (XPS).?* That study showed that
extensive calibration using the distribution of the five valence
states of Si, followed by rigorous validation using standards, is
required and using a ratio of selected peak intensities is not
sufficient. While XPS provides highly accurate measurement
and can elucidate details of the chemical state of Si on the
surface, it is limited to thin surface layers (penetration depth <
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10 nm), and hence XPS is not suitable for quantifying the bulk
purity of Si powders that are not thin films. Indeed, when
studying micron sized Si/SiO, fibres, Yamamoto et al. were able
to use XPS only to identify the presence of oxide on the surface
but unable to quantify the oxygen content in the bulk of the
sample.® Larbi et al. used X-Ray Diffraction (XRD) coupled with
Rietveld quantitative crystal phase analysis to study the purity of
the Si product obtained from the magnesiothermic reduction of
silica.”® XRD analysis is based on quantifying crystalline prod-
ucts alone and assigning any remainder/unaccounted matter as
amorphous without direct measurement of any unreacted
amorphous silica precursor, which can lead to serious inac-
curacies. Hence, such XRD-based quantification cannot provide
true yields and purity of Si. It has been shown in other materials
that a Pawley method using pseudo Voigt peaks can be used for
quantifying amorphous phases directly;*® however, it is
subjective due to arbitrary assignment of the peak (or an
amorphous hump) without any benchmarking against known
compounds,* resulting in only semi-quantitative information
at best. Thermogravimetric (TG) methods have been used for
characterizing the purity of Si and can be carried out in
a furnace with no requirement for specialist analytical instru-
mentation. Noske et al. performed TG analysis (TGA) under
nitrogen at elevated temperatures, followed the conversion of Si
to Si;N, and used the corresponding mass gain to determine the
Si content.” TGA under oxygenated conditions at elevated
temperatures has also been commonly used where the oxida-
tion of Si to SiO, also results in mass gain that can be converted
to molar composition."*'” An assumption is made that the total
mass gain in the sample during TGA is the addition of oxygen
from the oxidation of Si. This is then used to calculate the moles
of oxygen (no,), which is also the moles of Si (ns;), and Si mol%
obtained by using eqn (1).

Nsi

Si (mol%) = 100 X —————
nsi + nsio,

1)

However, this method does not account for the mass change
contributions from SiO, and the potential non-linear nature of
the mass change for different molar compositions of Si: SiO,.
TGA is typically used under the assumption that the mass gain
is linear with the proportion of Si and that the drying of
chemisorbed water and oxidation of Si are the only contributing
processes. However, there is also likely a mass loss by SiO,,
which can be attributed to the dehydration/condensation of Si-
OH groups. Therefore, the overall mass change detected by TGA
is a balance between the weight gain from the oxidation of Si
and the weight loss from the dehydration of Si-OH and is likely
to be dependent of the Si mol%.

Given the common use of TGA and XRD, here we focus on
developing reliable and simple methods for quantifying Si purity
using two independent methods - one based on thermal treat-
ment and the other based on XRD. Firstly, in order to address the
ambiguity in TGA data interpretation, in this paper, we system-
atically analyse the potential mass changes from different
mixtures of silica and silicon. We use this information to develop
a simple, theoretical calibration curve, without needing a full set
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of experimental data, relating the mass changes observed in TGA
and the purity of Si. This method is then validated against a full
set of experimental results. Secondly, we focused on XRD-based
quantification of Si purity because TGA is laborious and time
consuming; however, as noted above, XRD has not been used to
account for the amorphous silica phase arising from the
precursor or formed during the synthesis and purification
process. Upon validation of the XRD-based method, finally, we
compare both these methods in terms of their accuracy and
practicality for determining Si purity.

Experimental

Materials

Sorbosil™ AC35, purity 98.8%; loss at 1000 °C: 8.3%, sample
received from PQ Corporation, was used as the SiO, reference
material. 50 nm silicon powder, crystalline, 98%, laser synthe-
sized from the vapour phase purchased from Thermo Scientific
Chemicals, was used as the Si reference material. Reagents were
dried at 120 °C under vacuum before use.

TGA

To create a theoretical calibration curve, Si powder and SiO, were
dried under vacuum at 120 °C for 24 hours to remove chem-
isorbed water. After drying, Si and SiO, were analysed separately
by TGA on a PerkinElmer TGA 4000 in air, from 25 to 950 °C at
a rate of 10 °C min~ ", and holding at the maximum temperature
for 8 hours, before cooling at 10 °C min " to 25 °C. Once there
was no change in mass, this was taken as the final measured
mass change. The data were used to construct a “theoretical”
calibration curve by using just the pure Si and pure silica data and
mathematically constructing their mixtures.

Next, for the validation of this theoretical calibration, (real)
mixtures of Si and SiO, were prepared and TGA was performed to
produce an “experimental” calibration. In order for the study to
be comparable, Si and SiO, were dried beforehand, under
vacuum at 120 °C for 24 hours. For each sample, masses were
recorded to 5 d.p. of (1) the empty crucible, (2) after adding Si, (3)
after adding SiO,, and (4) after heating. The masses of the two
constituents were randomly selected and used to determine the
molar ratios in each sample. Pure samples with only Si or SiO,
were also included in the study as controls. Lids with holes were
placed on to the crucibles to aid oxidation yet ensuring that the
solids are not lost with the flowing gas. The crucibles were
inserted into the centre of a Carbolite tube furnace, heated in air
from room temperature to 950 °C at a rate of 10 °C min™*, and
held at the maximum temperature for 24 hours, before uncon-
trolled cooling to room temperature. Then, the lids were removed
and each crucible with the sample was reweighed to define the
absolute mass change and converted to % mass change.

XRD

Powder XRD patterns of pure Si, pure silica and their mixtures
were collected using a Panalytical Aeris diffractometer with a Cu X-
ray source, a Ni KB incident beam filter, a PIXcel1D detector and
<0.04° 26 resolution. Patterns were collected over the 26 range of
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10-100° in rotating scanning mode. Binary mixtures of Si and SiO,,
were mixed well and ground with a pestle and mortar beforehand.
Diffractograms were analysed in OriginPro, using the Integration
Gadget tool to extract the peak height intensities at 23° and 28.5°
20, and the ratio of these is the peak intensity ratio, PIR. Theo-
retical peak height intensities were calculated from diffractograms
of pure Si and SiO, to create a calibration curve. An assumption
was made that Igse si — Lgso silica aNd 3o silica — J230 si are
proportional to ng; and ngjica, respectively. This method conve-
niently avoids values of zero for calculations of theoretical PIRs.

Results and discussion
TGA calibration

TGA of pure Si and SiO, was conducted separately in air to
obtain the mass change of each (Fig. 1); these mass changes
(Am) were taken as the possible limits for a given SiO, sample.
Si showed a mass increase due to oxidation that plateaued at
74% (Amg;). Despite being thoroughly dried, the TGA of SiO,
resulted in an 8% mass loss (Amg;jo,). As chemisorbed water was
removed before analysis, the mass loss was attributed to the
dehydration of silanol (Si-OH) groups. This was further sup-
ported by Attenuated Total Reflection Fourier Transform
Infrared Spectroscopy (ATR-FTIR) analysis shown in the ESL}

These mass changes of pure Si and SiO, were used to
calculate Am expected for theoretical Si: SiO, mixtures (created
arbitrarily) with varying masses of Si (mg;) and silica (msio,)
using eqn (2) (see Table 1).

Am = AmSi — AmSioz = 73.95% of msi — 8.38% of msio, (2)

From these calculated mass changes, a theoretical calibra-
tion curve was created to show the expected/theoretical Am of
samples with different Si mol% (Fig. 2, black squares). An
exponential fit was used to describe the relationship. From this
theoretical calibration, the mass change of any sample
measured by TGA can be converted to the true Si mol%.

Evaluating the accuracy of the theoretical TGA calibration

To test the accuracy of the theoretical calibration curve as
shown in Fig. 2 (black squares), TGA was performed on mixtures

1804

Amg; = 73.95%

Pure Si

Pure SiO,

Amgio, = -8.38%
0 100 200 300 400 500
Time (min)

Fig. 1 TGA of pure Si (50 nm) and SiO, (Sorbosil), conducted in air.
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Table1 Theoretical mixtures and their mass changes calculated using
egn (2) and data from Fig. 1

Mass loss
from SiO, (%)

Si: SiO,
(mass% or mole%)

Mass gain
from Si (%)

Expected mass
change (%)

Msi: Msio,  NsiNsio, AmMs; Amgio, Am

100:0 100:0 74.0 0.0 74.0
87.5:12.5 94:6 64.7 1.0 63.7
75:25 87:13 55.5 2.1 53.4
62.5:37.5 78:22 46.2 3.1 43.1
50:50 68:32 37.0 4.2 32.8
37.5:62.5 56:44 27.7 5.2 22.5
25:75 42:58 18.5 6.3 12.2
12.5:87.5 23:77 9.2 7.3 1.9
0:100 0:100 0.0 8.4 —8.4

of Si and SiO,, of known quantities. The molar ratios of Si: SiO,
in each sample were determined from the initial masses, to give
Si mol%, and their corresponding % mass change (Table 2).
These were plotted (red circles) on the same axes as the cali-
bration curve shown in Fig. 2. These experimental data repre-
sent an experimental calibration curve and are in excellent
agreement with the theoretical calibration curve (only ~4%
offset in the y-axis). Furthermore, uncalibrated experimental
data were also calculated where all mass changes were solely
attributed to the oxidation of Si (calculated via eqn (1), data
shown in Table 2). The results shown in Fig. 2 (blue triangles)
highlight that without accounting for weight loss from silica
dehydration, a significant underestimation of Si purity is ach-
ieved, of the order of 25-30 Si mol%, leading to even negative
Si mol% erroneously.

- Am =21.07 01581 % _ 28 96
100 O Theoretical " °
—~ 80. O Experimental 7
X A Uncalibrated
N
O 60+
(@)]
&
o 40
O
(D -
3 20
S 04 : Am =19.22 201643% _31 40
A O
AN =
-20

20 0 20 40 60 80 100 120
Si (mol %)

Fig. 2 TGA-based calibration. Black squares: theoretical calibration
curve plotted from data calculated using eqn (2) (also shown in Table
1). Red circles: experimentally measured mass change for Si:SiO,
mixtures (also listed in Table 2), with error bars in red on pure Si and
SiO5. Blue triangles: experimentally measured mass changes, con-
verted to Si mol% using “uncalibrated” eqn (1), with error bars in blue on
pure Si and SiO,. Each dataset was fitted with an exponential equation
(shown as lines and equations noted on the plot), with R? > 0.99.
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Table 2 TGA experimental data showing Si purity of the samples used
and the corresponding % mass changes recorded by TGA for a range
of compositions of Si : SiO,. Si purity was calculated using either egn (1)
("uncalibrated”)® or using the theoretical calibration” from Fig. 2

Si:Sio,

- Mass change, Si content” Si content”
nsi : Msio, Am (%) (mol%) (mol%)
100:0 67.9 £ 2.5 76.0 £ 1.7 96.5 £ 1.7
95:5 60.7 70.9 91.6
84:16 45.9 59.1 80.2
78:22 37.4 51.1 72.5

73:27 33.0 46.5 68.2

72:28 33.5 47.1 68.7

69:31 27.7 40.7 62.6

65:35 23.5 35.7 57.7
53:47 15.3 24.9 46.9
40:60 7.8 13.5 35.1

36:64 4.3 7.8 28.9
34:66 2.5 4.6 25.3

31:69 0.9 £ 0.2 1.6 £ 0.3 219+ 04
10:90 —7.6 —15.5 0.8

0:100 —-12.2 £ 1.2 —26.1 £ 2.9 —14.4 £ 4.5

“ Calculated from eqn (1). ? Calculated from theoretical calibration
shown in Fig. 2.

The theoretical calibration and its validation using experi-
mental data have the following implications. Firstly, given the
excellent agreement between the theoretical and experimental
data, it is clear that simply measuring TGA data for pure silica
and pure silicon can provide a fairly accurate estimate of the
purity of “real” samples, yet rapidly, without having to measure
multiple samples to create a full experimental calibration.
Secondly, these results highlight the importance of accounting
for the weight loss of silica, which has not been discussed in
previous literature. This weight loss in silica is likely to arise
from the dehydration of silanol groups that could form during
the synthesis and/or post-synthetic processing. Together, these
results show that we have developed and validated a simple and
rapid method for accurately quantifying Si purity. While this
method is suitable for silicon nanoparticles and porous silicon,
we have noticed that when using larger silicon structures (e.g.
microparticles), the full oxidation requires extended periods
and may not always be achieved due to diffusion limitations.

XRD calibration

It is possible that a quicker and less labour intensive method
using XRD analysis can also be used to quantify the purity of Si.
In order to explore this, SiO, is identified by a broad amorphous
signal at 23° 260 and Si was identified by the dominant peak of
the Si (111) plane at 28.5° 2. Previous reports have only focused
on crystalline peaks as discussed above, but that analysis omits
the presence of amorphous silica from the purity calculations,
leading to overestimations. Here, we sought to explore the
possibility of using the amorphous silica signal from XRD to
test whether the ratio of the silica and silicon signal intensities
enables a quick examination of the Si:SiO, composition.

This journal is © The Royal Society of Chemistry 2025
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1

20 23 285 40

Bragg angle 26 (°)

Fig. 3 XRD diffractograms of pure Si and SiO,, and the use of peak
intensities of both taken at 23° and 28.5° for calculating the peak
intensity ratio (PIR).

Similar to the TGA study, we first created a theoretical calibra-
tion. Pure Si and SiO, were analysed separately by XRD, and the
peak intensities at 23° 260 (I 30 5; and Ipze gjlica) and 28.5° 26 (g 50
si and Irgso sitica) Of each were recorded (Fig. 3). Using these
measured values, peak intensities at 23° and 28.5° were calcu-
lated for theoretical mixtures of silica and silicon using eqn (3)
and (4) as shown in Fig. 3. These were used to calculate the
expected or theoretical peak intensity ratios (PIRs) in theoretical
Si: SiO, mixtures using eqn (5) (data shown in Table 3). The PIR
results were then used to develop a theoretical calibration
(based on XRD), as shown in Fig. 4a (black squares).

by s = ngi X (Igs si — D28 5 sitica) T 128.5° silica (3)
D3e = ngjlica X (I23° sitica — D23+ si) + D3 s (4)

Dg 5o
PIR = 22 (5)

1230

Table 3 Theoretical mixtures and their XRD intensities and ratio
calculated using egn (3)-(5)

Si:Sio,

Nsi : Nsio, Ig s (a.u.) Ipze” (a.u.) Expected PIR®
100: 0 66697 6697 9.97
94:6 6327 773 8.18
87:13 5933 894 6.64
78:22 5473 1034 5.29
68:32 4930 1200 4.11
56:44 4278 1399 3.06
42:58 3482 1642 2.12
23:77 2487 1946 1.28
0:100 1209¢ 2336¢ 0.52

“ Calculated using eqn (3). ° Calculated using eqn (4). ¢ Calculated using
eqn (5). ¢ Experimental values from measuring pure silica and pure
silicon samples.
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Fig.4 (a) XRD-based calibration. Black squares: theoretical calibration

of Si mol% vs. expected XRD PIR (data from Table 3). Red circles:
experimental PIR vs. Si mol%. Lines show exponential fits with R? >
0.99. (b) Stacked XRD diffractograms of Si:SiO, samples; numbers
represent molar ratios. Peak intensities taken at 23° (amorphous SiO5,)
and 28.5° (Si) are shown by dashed and dotted lines, respectively. (c)
and (d) Overlaid diffractograms at 23° and 28.5° respectively, with
colours matching those in (b).

Evaluating the accuracy of the theoretical XRD calibration
curve

In order to compare and validate the theoretical calibration with
experimental measurements, XRD was performed on mixtures
of Si and SiO, of known quantities and their respective PIRs
were plotted against Si mol% to give an experimental calibra-
tion (Fig. 4a, red circles). These experimental data are in
excellent agreement with the theoretical calibration curve,
which confirms that the method used herein based on ratios of
intensities of amorphous silica and crystalline silicon obtained
from XRD provides a good way for estimating Si purity.
Furthermore, similar to the TGA-based approach described
above, the theoretical data based on only two sample
measurements provide a simple and quick way of determining
the purity of Si. It is noted that using peak intensity from
essentially an amorphous silica “hump” can add uncertainties;
however, this method provides a rapid way for quantifying Si
purity in the final products. However, as the XRD peak intensity
depends on electronic density of a given sample, this XRD-
based method will require that the calibrations are performed
on samples or standards with densities similar to the samples
of interest. For example, using a non-porous microparticulate
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Fig. 5 A comparison between TGA-based and XRD-based results
obtained from both theoretical calibrations and measurements of real
mixtures of silica and silicon.

silicon sample (highly dense) for calibration will provide erro-
neous results if the calibration is applied for the estimation of Si
purity of highly porous or nanoparticulate (low density)
materials.

In order to gauge the accuracies of both methods, measured
data from both the TGA and XRD were converted to Si content
using the theoretical calibrations and compared with the actual
Si content (see Tables S2 and S3, and Fig. S21). We find that
both methods are quite accurate at Si contents higher than 40%
(less than 5% and 3% deviations for TGA and XRD methods,
respectively, see Fig. S2); however, at low Si content, the
accuracies decrease. Since high purity Si is needed for battery
anodes (typically >80%), these methods provide excellent
accuracies in that range. Finally, the experimental calibrations
using real samples obtained from both the TGA- and XRD-based
methods were compared (Fig. 5). We can see that the peak ratios
measured from XRD and the weight changes measured from
TGA for the same samples demonstrated a strong linear rela-
tionship. This further validates that these two methods are in
excellent agreement, and both methods are effective. Further-
more, the excellent correlation between the TGA and XRD
results highlights that a lengthy TGA-based method is not
always needed, at least for screening purposes.

Conclusions

We developed two independent and simple theoretical cali-
bration methods based on TGA and XRD to analyse the
composition of Si and to provide a more accurate determination
of SiO, content in Si samples, which is vital for the use of Si in
battery anodes. The TGA method accounts for the non-linear
mass change for different compositions of Si:SiO,, arising
from weight loss from silica. The TGA-based theoretical curve
was derived from analysis of two samples only: pure Si and SiO,.
This technique negates the need for extensive, time-consuming
experimental calibration using a large number of samples/
mixtures. Furthermore, this method is superior to current
methods that use TGA but overlook the mass loss from silica
dehydration. Furthermore, it is quicker and less labour

This journal is © The Royal Society of Chemistry 2025
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intensive than obtaining an experimental calibration curve.
Similarly, an XRD-based method was developed. The validity of
the methods reported here were assessed by (a) comparing
directly with their corresponding experimental calibration
curves and (b) comparison with each other. There were excellent
agreements in all cases: XRD theoretical and experimental data
were particularly well aligned, and TGA theoretical data showed
only a small overestimation of 4% mass change compared with
experimental data. Furthermore, TGA and XRD results were
linearly correlated with each other and both showed excellent
accuracies, especially at high Si purity that is typically needed in
anodes. This indicates that, despite using the amorphous silica
peak signal, XRD data can be used as a reliable way for the
determination of Si purity. Furthermore, the significance of
these findings can be realised considering the fact that porous
silicon, which has been considered as the holy-grail for battery
anodes, (photo)catalysis and beyond, is more likely to contain
oxide, especially given its synthesis routes.'®*** Accurate
determination of Si purity is therefore highly valuable to
researchers from other broader fields.
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