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Abstract
Here we present Positron Annihilation Doppler Broadening Spectroscopy (PADBS) as a powerful method to analyse the 
origin and development of defect processes in porous silicon structures as a result of alloying with lithium for the use in 
battery anode applications. Several prepared anodes were lithiated (discharged against Li+/Li) and de-lithiated (charged) 
with different capacities followed by a distinct treatment procedure and an analysis using the Delft Variable Energy Positron 
Beam. The results presented here show that we can distinguish two different processes attributed to (1) structural changes 
in silicon as a result of the alloying process, and (2) the formation of defects that initiate degradation of the material. The 
limit at which the porous material can be used for at least the first two cycles without the occurrence of damage can thus be 
accurately determined by using the PADBS technique.

Keywords  Silicon lithium alloy · Silicon anode · Positron annihilation · Porous silicon

Introduction

The automotive industry needs higher energy densities 
for lithium ion batteries. To achieve this, a great deal of 
research is being conducted into new materials, including 
anode materials. Silicon is seen as the next-generation anode 
material in Li-ion batteries because its theoretical capacity 
of 3579 mAh g−1 (based on Li15Si4) is up to more than ten 
times higher than the commonly used graphite anodes with 
a theoretical capacity of approx. 372 mAh g−1 (Li and Dahn 
2007; Liu and Huang 2011). However, silicon's ability to 
alloy with lithium results in a large volume expansion up to 
300–400 percent. The mechanical stresses created by volume 

expansion cause cracking and particle pulverization, result-
ing in electrically disconnected small particles and poor con-
tact with the current collector, followed by capacitance loss 
and anode degradation (Beaulieu et al. 2001). To overcome 
these major drawbacks, several research groups have sought 
ways to accommodate these extreme volume changes. One 
of the possible solutions is the incorporation of small open 
volumes, e.g. voids, in silicon structures at which a large part 
of the volume increase can be absorbed thus preventing the 
formation of cracks in the silicon anode material (McDowell 
et al. 2013; Shen et al. 2016; Shin et al. 2005), as illustrated 
schematically in Fig. 1.

In the past decade, various structural material designs 
containing open volumes have been developed, among 
which silicon-carbon composites (Kim et al. 2018), sili-
con nanowires (Zamfir et al. 2013; Salihoglu and Kahlout 
2019) hollow nano structures (Yeom et al. 2019; Wang 
et al. 2018), and nano structured layers (Tang et al. 2019; 
Cho 2010). However, many of these methods have the sig-
nificant drawback of being based on advanced deposition 
techniques capable of producing only small amounts of 
material, making it unsuitable for use in the automotive 
industry where large-scale electrode material production is 
required. Therefore, many research groups have focused on 
scalable methods for the production of micro-sized parti-
cles containing nano-sized porosity (Wang et al. 2020; An 
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et al. 2019; Ge et al. 2013; Zhang et al. 2014) which can 
be processed into battery electrodes using the well-known 
tape-casting methods (Shanefield  1991).

However, the use of porous materials in commercial 
batteries requires insight into the limitations due to the 
degradation processes caused by charging and discharging 
the anode material repeatedly (cycling). In addition to the 
more usual analysis methods, like long-term cycling tests, 
electro-chemical impedance analysis, intermittent titration 
techniques and cyclic voltametric analysis, researchers use 
various advanced analysis methods, including Transmis-
sion Electron Microscopy (Shen et al. 2016; McDowell 
et al. 2012), acoustic emission (Kalnaus et al. 2011; Rho-
des et al. 2010), Atomic Force Microscopy (Vidu et al. 
2002; Huang et al. 2018) and Nuclear Magnetic Resonance 
(Key et al. 2011). More recently, methods such as X-ray 
Compton scattering spectroscopy (Suzuki et al. 2016) and 
positron annihilation spectroscopy (Klinser et al. 2019; 
Seidlmayer et  al. 2016) have been used to investigate 
the presence and change of defects as a result of lithium 
extraction and uptake in cathode electrode materials. 
Here we present Positron Annihilation Doppler Broad-
ening Spectroscopy (PADBS) as a new additional pow-
erful technique for the defect characterization of silicon 
anodes. Due to its high sensitivity to open volume defects 
(Krause-Rehberg and Leipner 1999), we have applied 
this technique for the study of early stage crack forma-
tion. The value of this method is demonstrated on porous 
silicon anodes by determining a critical charging capacity 
above which the defect structure is changing. The change 
in PADBS parameters is related to premature fracture of 
the porous particles caused by the expansion of the silicon 
as a result of the alloying process with lithium. For this 
study, we use porous silicon that has been successfully and 
scalable produced and which is available as a bulk material 
for anode preparation (E-magy 2020).

Experimental

Positron annihilation Doppler broadening 
spectroscopy

Positron Annihilation Spectroscopy (PAS) is a well-
established nondestructive technique for characterization 
of defects, voids and open volumes in materials (Schultz 
and Lynn 1988), and is used in many fields of material 
science (Tyomisto and Makkonen 2013). The use of posi-
tron annihilation as a probe allows for the detection of 
defect concentrations of the order of 0.1 ppm (Smedskjaer 
et al. 1980) which makes this technique extremely sensi-
tive. Several positron measurement principles are known 
(Krause-Rehberg and Leipner 1999) and used for almost 
50 years to characterize defects in materials. The method 
we use here is the so-called Variable Energy Positron 
beam Doppler Broadening technique, which measures the 
Doppler shift in the energy of the 511 keV annihilation 
gammas emitted when a positron annihilates.

Positrons are anti-matter particles and can be created by 
materialization of radiation (e+/e− pair production) or are 
obtained by β+ decay. For the latter usually a 22Na positron 
source is used which emits positrons with kinetic ener-
gies distributed according to a so-called beta-spectrum. 
To obtain a beam of positrons with tunable, well defined 
energies the positrons emitted by the 22Na source are 
slowed down to an energy of ~ 2.5 eV by using a Tungsten 
moderator. These moderated positrons are then accelerated 
to selected energies (practically between 0.1 and 25 keV) 
and targeted on a material of interest. When implanted 
in a sample with an initial kinetic energy well above the 
thermal energy, the positrons rapidly lose their energy. 
When thermal equilibrium is reached, positron–electron 
annihilation can take place, most likely resulting in the 

Fig. 1   The principle of absorb-
ing expansion due to silicon 
lithiation by structures contain-
ing small open volumes
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collinear emission of two 511 keV photons. Due to the 
momentum of the positron–electron pair (mainly deter-
mined by the electron motion) the photon energies show 
a Doppler shift which causes a broadening of the anni-
hilation energy distribution when observed by an energy 
selective spectrometer. The shape of the obtained energy 
spectrum is related to the presence and type of defects 
and is commonly characterized by the so-called shape 
parameters S and W, as shown in Fig. 2a. The S parameter 
is experimentally determined as the relative area of the 
central part of the energy distribution spectrum, while the 
W parameter expresses the relative contributions of the 
tails to the total peak area (Clement et al. 1996). Thus, 
the S parameter is a measure for the contribution of lower 
momentum (valance) electrons, while the W parameter 
represents annihilations with the higher momentum (core) 
electrons. By determining these parameters for a series of 
implantation energies (related to depth), defect depth dis-
tributions and characterization of open volume defects in 
sub-surface regions can be obtained. The defect S param-
eter is most sensitive to defects because the probability 
for a positron to annihilate with high momentum outer 
shell electrons of defect neighboring atoms is lower, thus 
increasing the contribution of low momentum annihila-
tions in the 511 keV photo-peak.

The variable energy positron beam

For Positron Annihilation Doppler Broadening Spectroscopy 
(PADBS) measurements, we used the Delft Variable Energy 
Positron Beam (VEP), containing a 22Na positron source 
(1 GBq) to produce a mono-energetic, magnetically guided 
positron beam (~ 105 e + .s−1) with a diameter of 8 mm and 
variable acceleration energy ranging from 1 to 25 keV for 
depth selective probing. The corresponding depth range can 
be determined from the following power law (Schurtz and 
Lynn 1988):

where z is the mean implantation depth (in Å), � is the den-
sity of the target material (2.3 g cm−3 for Si), A is a constant 
empirically found to be A ≈ 400 Å g cm3 keV−n and n ≈ 1.6 
for most materials (Lynn and Lutz 1980). The maximum 
average implantation depth can be determined for silicon 
at approximately 3µ for 25 keV positrons. Energy selective 
measurements of the annihilation radiation are performed 
with a high purity Ge solid state detector (Canberra, energy 
resolution 1.8 keV@1.33 MeV) in single-detector mode (as 
shown schematically in Fig. 2b). For analysis of the obtained 
S and W parameter, the data fitting and modeling algorithm 
VEPFIT is used (Van Veen et al. 1991).

Lithiation of porous silicon

The electro-chemical lithiation process of crystalline silicon 
(c-Si) is a two phase alloying process with a sharp reaction 
front (Chon et al. 2011; Obrovac and Christensen 2004). 
During the first lithiation c-Si is transformed to an amor-
phous LixSi alloy (0 < x < 3.4) forming a distinct voltage 
plateau in the potential curve (first discharge part in Fig. 5) 
around 0.1 V versus Li+/Li (indicating the two phase addi-
tion reaction between Si and Lithium), and with a volume 
change of ~ 300% (for x = 3.4). Further (or deep) lithiation 
to a voltage under ~ 0.05 V will form a crystalline and meta-
stable Li15Si4 alloy which is the final lithiated product for 
electro-chemical alloying at room temperature (Obrovac 
and Christensen 2004; Kubota et al. 2007). In de-alloying 
(extract lithium), the crystalline structure (Li15Si4) will 
revert to amorphous LiySi (y ≈ 2) by a two phase reaction 
at a distinct plateau at ~ 0.4 V, followed by a solid-solution 
reaction from amorphous LiySi to amorphous silicon (a-Si) 
when completely de-lithiated (Zhang 2011). The second and 
subsequent alloying and de-alloying cycles show up a volt-
age profile which is different from the first, as can be seen 

z =
A

�
E
n

Fig. 2   a Energy distribution spectra of a defect-free sample (orange) and a defective material (blue), and the shape parameters S (purple) and W 
(green). b PADBS measurement principle for single-detector mode in which one out of the two Gamma rays is detected
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in Fig. 5. For better cycling performance, it is recommended 
to avoid the forming of the crystallized Li15Si4 phase by set-
ting the lower voltage limit on 50 mV. (Li and Dahn 2007; 
Ozanam and Rosso 2016).

The shape of the voltage profiles for Si-anodes is affected, 
among other things, by the morphological properties of the 
used silicon material. Anodes that contain silicon with dif-
ferent porosity structure or particle size show up slightly 
different voltage profiles (different slopes of the curves) 
because alloying processes are highly influenced by the ratio 
between surface/interface processes and particle volume 
(Zhang 2011). In Fig. 5 the voltage profile of the material 
used for this study is shown.

Several studies have indicated that particularly during 
the very first lithiation, extensive damage occurs in the c-Si 
structure (Kalnaus et al. 2011; McDowell et al. 2013). With 
porous Si structures, the occurrence of damage is partly 
determined by the ability of the open volumes to absorb 
the expansion. Thus for using these materials in commer-
cial batteries, it is important to know the limit of lithiation 
before cracking occurs. This means, the theoretical capacity 
of 3579 mAh g−1 will not be fully used, but instead the max-
imum capacity without fracture (Cmax) will be the desired 
value at which the anode material can be used with minimal 
degradation over longer time. For porous silicon, Cmax is 

determined by the ability of the porosities to compensate for 
volume changes due to lithiation. In Fig. 3 a simplified pore-
compensation mechanism is schematically shown wherein 
the occurring volume change due to alloying (ΔValloying) is 
compared with the compensating pore volume (Vpores). The 
first situation when ΔValloying < Vpores will prevent for damage 
because the discharged capacity (Cd) is below Cmax. The sec-
ond situation is the equilibrium state where ΔValloying = Vpores 
where Cd will be equal to Cmax, that is the status we want 
to approach as closely as possible. In the third situation, 
ΔValloying > Vpores, the value of Cd exceeds Cmax resulting that 
some of the expansion will cause fractures and permanent 
damage will occur. Determining the critical value of Cmax is 
for commercial use of porous silicon very valuable because 
in addition to preventing damage, the capacity to be used 
can be accurately determined so that the material can be 
used optimally.

Atomic force microscopy analysis

The absorption of expansion by the porous Si as a result 
of lithium alloying is analyzed with an Atomic Force 
Microscope (AFM) (Ntegra NT-NDT) which is located in 
a glovebox under inert atmosphere (Legerstee et al. 2021). 
An open cell design allows the AFM probe (Pointprobe 

Fig. 3   Schematic represena-
tation of volume expansion 
compensation and limits by 
porous silicon
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CDT-NCHR) to access the surface of a flake. After a scan 
it is possible to add electrolyte and lithiate the flake sur-
face, after which the surface can be carefully cleaned of 
the electrolyte and a new scan of the surface can be made.

Sample preparation

Porous c-Si was obtained from E-magy in two different 
appearances, as half product (so-called ‘flakes’) and in the 

Fig. 4   a SEM picture of flake 
surface, b XRD patern c-Si 
flake, c SEM picture of prepared 
anode (80 m% porous Si), d 
SEM detail of a porous particle

Fig. 5   Cylcling procedure of 
porous silicon anode samples in 
a half-cell configuration (metal-
lic lithium as a counter and 
reference electrode)
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form of 2–6 μm sized particles. The flakes are used for addi-
tional surface analysis by Scanning Electron Microscopy 
(SEM) (JEOL JSM-IT100) and AFM, while the particles are 
used to prepare electrodes by a doctor blade casting method. 
Figure 4a shows a SEM photo of the base material (flake). 
Due to the pores of the material (200–600 nm), a porosity 
of approximately 35% is obtained (according to the specs of 
the supplier). The XRD pattern of the porous c-Si confirms 
the presence of a crystalline phase (Fig. 4b).

Electrodes were prepared by mixing 80% porous Silicon 
particles with 10% Carbon Black, 10% Polyacrylic Acid 
(PAA) in a buffered critic acid solution was added to make 
a slurry. The slurry was coated on copper foil which acts 
as current collector for the prepared electrode and dried in 
a vacuum oven (60 °C for 12 h). Figure 4c, d shows a SEM 
picture of the prepared electrode and a detail of a porous 
particle. The anode sheets were cut into disks (diameter 
12.7 mm) and assembled in an argon filled glovebox as 
a half-cell with lithium metal as a counter and reference 
electrode. To avoid the release of the anode material when 
dismounting the cells after cycling, we used a glass fiber 
membrane on the lithium metal side as a separator and poly-
propylene membrane (Cellgard 2400) on the silicon side, 
the former ensuring a stable amount of electrolyte. A dis-
mountable laboratory cell (airtight mounted stainless steel 
poles separated by a PTFE gasket) was used to prepare the 
batteries with 1 M solution of LiPF6 in 1:1 (vol%) ethylene 
carbonate (EC):dimethyl carbonate (DMC) as electrolyte. 
The samples were lithiated (discharged against Li+/Li) and 
de-lithiated (charged) with c-rates based on 1C = 1000mAh.
g−1, that is the capacity at which the porous material has 
been extensively tested and still shows capacity retention 
after 100 cycles (specified by the manufacturer).

Electro-chemical tests were carried out using a Maccor™ 
battery tester, and conducted under constant current condi-
tions with a lower voltage limit on 0.05 V for preventing the 
formation of the unwanted crystalline Li15Si4 phase. The 
upper limit was set on 1 V for de-lithiation. We performed 
ten measurements with different values ​​for Cd variating 
between 50 and 3000 mAh g−1.The samples were cycled 
for 2 times at a current of 0.1C followed by a final de-lith-
iation step. In Fig. 5, an example of the cycling procedure 
is given. Here, the first cycle is the so-called ‘Format step’, 
followed by a full second cycling step. The last part, the final 
de-lithiation step, is added to attract as much as possible 
the lithium by charging (de-alloying) the sample repeatedly 
under a constant voltage of 1 V against Li+/Li.

After the discharge/charge procedures the samples were 
prepared for PADBS measurements. The cells were dis-
mounted in an airtight glovebox filled with argon (< 1 ppm 

oxygen and moisture) and the anode samples were carefully 
removed from the separator, after which they are rinsed in 
Dimethyl Carbonate for 10 min under stirring conditions. 
The samples were then dried under vacuum for 20 min and 
placed in a sample holder for positron measurements. The 
sample holder was transported to the PADBS facility in an 
air-tight box. The positron setup was flushed with N2 during 
the placement of the samples, and samples were transferred 
to the set-up within 1 s, so that minimal contamination with 
air has occurred. The PADBS setup was brought to vacuum 
level of 1.10–6 mbar after which the positron measurements 
for 48 different implantation energies have started.

Results and discussion

Figure 6a shows an AFM scan of a pristine flake where the 
pores are clearly visible. After the scan we added electro-
lyte to the surface and started the lithiation process for 48 h 
with a discharge current of 12.5 µA cm−2, after which we 
removed the electrolyte and performed a new scan. Fig-
ure 6b shows the lithiated state of the flake, which confirms 
the volume absorption by pores and a change of surface as a 
result of alloying with lithium on the surface.

PADBS results

Ten samples were cycled according to the procedure 
described above (Fig. 5), using the following values for the 
total discharged capacity Cd: 50, 150, 250, 350, 700, 1000, 
1500, 2000, 2500 and 3000 mAh g−1. We performed PADBS 
measurements on all samples including a pristine sample 
which was stored under electrolyte for 48 h and treated the 
same way as all other samples. Figure 7a, b shows the meas-
ured (dots) and fitted (line) S parameter and W parameter 
as a function of implantation energy for three samples: the 
pristine sample, and samples with discharge capacities of 
Cd = 1000 mAh g−1 and Cd = 2000 mAh g−1. The pristine 
sample shows a relatively flat S-plot and W-plot while the 
cycled samples show a slope on both S and W parameter 
between approximately 0–7 keV, which reveals the differ-
ence in annihilation characteristics at the surface in com-
parison to those in the deeper Li affected regions. For higher 
energies the curve forms a relatively constant S and W which 
is related to the deeper located bulk material. For this study, 
we limit ourselves to analyzing the differences in the bulk 
level of the S and W parameters of energies between 7 and 
25 keV (indicated by the vertical gray dashed line in Fig. 7a, 
b). The dashed arrows in Fig. 7a, b indicate the bulk value 
of the defect-sensitive S parameter and show significant 
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differences between 1000 and 2000 mAh g−1, while the W 
parameter for both samples remains approximately the same.

Figure 7c shows the S and W parameter in one plot as 
function of the implantation energy, or equivalently the 
depth. The characteristic S, W-point for the bulk for each of 
the three samples is indicated by the triangles. These bulk 
level values are used in this study to observe changes in the 
damage to the material.

In Fig. 8, all samples (with different discharged capacity 
Cd) are represented by the bulk S, W-points. With increasing 
discharge capacity first an increase in the S parameter and a 
decrease in the W-parameter is observed. It can be noticed 
that up to 1000 mAh g−1 the bulk S, W-points lie on a single 
straight line indicating that the concentration of defects has 
increased without a noticeable change in defect character, 
which can be related to structural changes (formation of 
a-Si) due to the lithium alloying process.

Discharging at 1500 mAh g−1 does not lead to further 
changes in S and W meaning that defect concentrations are 
at a level causing positron saturation trapping. However, for 
higher discharging levels (2000, 2500 and 3000 mAh g−1) 
a large increase in mainly the S parameter is observed, a 
clear indication for trapping of positron at a different trap-
ping site. The fact that the change in the W parameter is less 

pronounced hints at the formation of larger (crack precursor) 
defects.

Conclusions

The forming of defects in porous Silicon anodes were 
investigated for different lithiation conditions by using 
positron annihilation techniques as a high sensitive defect 
probe. It appears that the positron energy distribution 
changes as soon as a new form of defects occurs, so that 
the origin of the defects can be accurately determined. The 
method has shown for porous silicon that during the first 
two cycles, defects are formed above a discharge capacity 
of 1500 mAh g−1. In general, we conclude that positron 
techniques appears to be a powerful way to investigate the 
process of defect development in silicon when used as an 
anode for Li-ion batteries.

In the study we limited ourselves to the lithiation pro-
cess and the associated development of defects during the 
first two cycles of porous silicon anodes. The results found 
lead to a continuation of this study by looking at the defect 
development that occurs during long-term cycling and 
investigation of the influence of discharge and charge rate.

Fig. 6   AFM scans of a pristine 
and b Highly lithiated flake 
surface
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Fig. 7   Low momentum S 
parameter (a) and high momen-
tum W parameter (b) and the 
S–W plot as function of implan-
tation energy (c) for a pristine 
sample, sample Cd = 1000 
mAh g−1 and sample Cd = 2000 
mAh g−1. An example for deter-
mination of the bulk level value 
is given by the dotted arrows. 
Bulk S/W points are used for 
further analysis
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