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ABSTRACT

Although Si anodes have the potential to achieve gravimetric capacities > 3000 mA g-1 for Li ion 

batteries, their utility has been limited by their large volumetric expansion on lithiation and 

electrode fragmentation. We show that n-type doping reduces the lithiation potential of (100) Si 

and conclude that the Li ion insertion energy into crystalline Si increases with n-type dopant 

density. This allows tuning of the n-type dopant density in Si electrodes to reduce surface 

fragmentation and increase electrode cycle life. Using a combination of n-type doping, 

prelithiation at a low current density of 0.05 mA cm-2 and areal capacity capping at 2 mAh cm-2, 

we show that stable cycling can be achieved at a current density of 1 mA cm-2 within the potential 

range of 0.01–1.5 V for at least 140 cycles using an organic electrolyte without additives. Further 

improvements in cyclability can be achieved using alternative electrolytes with greater 

electrochemical stability at low potentials. Due to the massively reduced cost of Si wafers, heavily 

doped wafer-based current collectors may present an alternative to Si thin film anodes with 

improved adhesion between the current collector and electro-active Si surface provided that the 

wafers can be sufficiently thin to reduce electrode mass and volume. Alternatively, n-type doping 

of Si can be used to reduce fragmentation in particle-based electrodes permitting more controllable 

lithiation and longer cycle life.
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1. INTRODUCTION

While Si anodes offer the promise of high theoretical capacity (3580 mAh g-1)1–3 thick film Si 

electrodes typically have short cycle lives due to their large volume change upon lithiation (~280% 

for complete lithiation at ambient temperatures to the Li3.75Si phase).1 The repetitive cycling with 

such high volumetric expansion co-efficient ultimately can ultimately lead to electrode 

fragmentation and eventual cycling failure.4–6 Nanostructuring Si through the use of nanowires7–

10 or nanoparticles11–15 can enhance electrode ‘breathability’12 to accommodate the volumetric 

expansion during lithiation, however it reduces electrode tapped density and can result in excessive 

solid electrolyte interphase (SEI) growth due to the large surface area exposed to the 

electrolyte.16,17 This excessive and continuous growth of the SEI can then reduce capacity with 

cycling as the formed SEI continually breaks down during delithiation exposing a fresh Si surface 

for renewed SEI formation.18 

Promising initial capacities of  > 3000 mAh g−1 and capacity retentions of ~85% after 100 cycles 

have been reported for thin film amorphous Si (a-Si) films (t < 300 nm) with solid electrolytes 

being used to address the problems of excessive SEI growth.19,20 However, these films have a low 

areal capacity of ~0.2 mAh cm−2, which is much lower than the values typical for commercial Li-

ion batteries (2–4 mAh cm−2)21 and the capacity fades rapidly with the cycling of thicker films.21,22 

Sakabe et al. addressed this low mass loading limitation to some extent by using porous a-Si films 

(also with solid electrolytes).  This porosity was introduced through the use of He as the sputtering 

gas rather than Ar.21 With this strategy, they achieved a capacity retention of 93% at 100 cycles 

for films with a thickness of 1.55 μm and an areal capacity of 2.3 mAh cm−2. In addition, the 

introduction of porosity did not impact the high-rate performance that has been observed for non-

porous a-Si thin films, while also achieving an areal capacity of 1.2 mAh cm-2 at 3 C (1 C = 3.33 

mA cm-2).21 
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Another approach to address the capacity fade of a-Si thin films which was reported by Miyazaki 

et al. is to introduce O into the films during sputtering to form a Si-rich amorphous Si suboxide (a-

SiOx) films.20 Although the suboxide reduces the discharge capacity at low rates (due to the O 

atoms not participating in the conversion reaction), cyclability was significantly increased due to 

a reduced resistance during cycling with a capacity retention of 99.94% in the first 100 cycles.20 

Miyazaki et al. proposed that the Si-O bonds present on the surface undergo reaction with Li in 

the early cycles to form a Li-O scaffold. Although the Li-O scaffold may not suppress the large 

volumetric changes that typically occur with cycling intrinsic a-Si thin film electrodes, it may 

minimise the increase in effective series resistance that is typically observed with cycling by 

immobilising Si atoms and reducing inhomogeneities of film thickness. Interestingly, it was shown 

that the Li-O scaffold did not impact the rate performance of the a-SiOx electrode compared to that 

of pure a-Si and, at higher current densities of 5 and 10 mA cm-2, the discharge capacities of the 

a-SiOx and a-Si films were very similar.20

Film cracking with cycling may also be countered by increasing the electrical conductivity of Si 

as this can permit more uniform surface lithiation and minimise stress gradients.11,23–25 A number 

of studies have investigated the role of dopants in Si in mitigating film fragmentation on cycling.25–

32 Most reports have focussed on crystalline Si (c-Si) due to its ability to be more readily modelled 

using density functional theory (DFT) approaches. Long et al. reported that the Li insertion 

potential shifts to lower voltages for P-doped and higher potential for B-doped (100) and (111) Si 

compared to intrinsic Si, due to the positive (less favourable) insertion energy for the P-doped c-

Si and negative insertion energy for B-doped Si.26 They attributed these differences in insertion 

energy to electronic effects (i.e., similar Li ion insertion energies were predicted for electron and 

hole-doped (100) and (111) Si as for P and B-doped Si, respectively). Long et al. also predicted, 

and then confirmed with Secondary Ion Mass Spectrometry (SIMS) measurements that for both B 

and P dopants there is a strong thermodynamic driving force for dopant atoms to segregate at the 

surface of (100) and (111) Si on lithiation and, in doing so, cause the effects of the different 

insertion potential to be greater than predicted from base doping levels.  
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McSweeney et al. confirmed the lower lithiation potential for n-type (100) Si and showed that Li 

ion insertion in n-type crystalline Si (c-Si) causes a conversion to a-Si after the first delithiation 

process,27 similarly observed for intrinsic Si.1–3 It was hypothesised in this study that the addition 

of n-type dopants could potentially minimise the excessive volume expansion that is typically 

responsible for the increased ohmic resistance on cycling. Furthermore, by tuning the dopant 

density and making the c-Si more conductive, Li may diffuse faster into the bulk in earlier cycles 

further reducing the volume expansion that occurs at the surface and preventing excessive 

fragmentation of the electrode.11 

In this study, we investigated the effect of n-type dopant density on the capacity and cyclability of 

Si anodes using both experiments and density functional theory (DFT) modelling. Rather than 

depositing doped a-Si, as is performed in other studies,23,28,33–35 we selected to pre-lithiate (100) 

polished Si wafer surfaces to form doped a-Si films while the remaining (100) Si was retained as 

the current collector for the electrode. It was hypothesised that this fabrication approach, which 

eliminates the need for a Cu foil-Si interface, may present some advantages with regard to resisting 

delamination of the active a-Si layer from the current collector36–38 as amorphisation is expected 

to result in a rough, non-planar interface between the a-Si and c-Si current collector.39 An improved 

understanding of the role of dopant element and density on lithiation/delithiation of Si anodes may 

also contribute to greater capacity retention with cycling for electrodes utilising micron-sized Si 

particles. 

2. METHODS

2.1 Electrode fabrication 

Silicon electrodes were fabricated using three different, double-side polished, n-type (100), 500 

μm thick Si wafers (from Anhui Yisemi Semiconductor Co. Ltd): (i)  1–10 Ω cm As-doped, 

corresponding to a doping density between 4.4 × 1014–4.8 × 1015 cm-3; (ii) 0.01–0.05 Ω cm Sb-

doped, corresponding to a doping density between 2.3 × 1017–4.4 × 1018 cm-3; and (iii) 0.001–

0.005 Ω cm As-doped corresponding to a doping density between 1.2–7.4 × 1019 cm-3.40 The 

resistivity and base doping of the wafers were confirmed using Time-of-Flight Secondary Ion Mass 

Spectrometry (ToF SIMS) and a four-point probe measurements (see Figure S1 and Figure S2). 
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The wafers were cleaved into 1 cm2 square fragments before being cleaned using an RCA1 

process41 and immersed in 1:100 (v/v) 48 wt.% hydrofluoric acid (HF; Sigma Aldrich) DI water 

solution to remove any native surface SiOx and H-terminate on the Si surface.26 Wafer fragments 

were rinsed in DI water, then dried under N2 and assembled into CR2032 coin cells with one 

polished Si wafer fragment surface in contact with the stainless steel plate of the coin cell 

assembly, a Celgard® 2325 Li-ion as separator film (17 mm diameter and 25 μm thick), 1 M 

LiPF6 in 1:1 (v/v) ethylene carbonate (EC): ethyl methyl carbonate (EMC) (Sigma Aldrich) as 

electrolyte and a Li foil (Xiamen TMAX Li 16 mm diameter and 450 μm thick) as a counter 

electrode (see Figure S3). The volume of the electrolyte was 30 L. Coin cell assembly was 

performed in a glove box (MBraun MB-LABStar 1250/780) in which H2O and O2 were maintained 

< 0.5 ppm. 

2.2 Electrode characterisation 

The fabricated coin cells were rested for 10 hrs before testing to ensure that the separators were 

fully impregnated with electrolyte. Selected coin cells from each dopant group were characterised 

using cyclic voltammetry (CV) using an IVIUM-n-Stat with sModule 2 A/20 V potentiostat. Cells 

with Si electrodes having the different doping densities were cycled from 3.0 to 0.01 V (E vs 

Li+/Li) to confirm changes in lithiation potential with dopant element/density and cycling. All 

remaining coin cells were then prelithiated  for 10 hrs unless otherwise specified from 3.0 towards 

0.01 V at the current density of 0.05 mA cm-2 to form surface electro-active regions and enable 

stable cycling with high Coulombic efficiency (CE).42 None of the electrodes reached the 0.01 V 

threshold during prelithiation due to the very low current density used for prelithiation. Upon 

reaching their respective prelithiation duration limits, they were immediately de-lithitated back to 

3.0 V prior to further testing. This lithiation/delithiation cycle (cycle 0) is shown as the first data 

point for all galvanostatic charge-discharge (GCD) curves. All GCD tests were performed using a 

battery cycler (Neware BTS4000) within the potential range of 0.01 to 1.5 V (a typical E vs Li+/Li 

potential window for Si anode)5 at room temperature (25 °C). 
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After cycling, selected coin cells were opened in a glove box, rinsed thoroughly with dimethyl 

carbonate (DMC)39 to remove organic salts and LiPF6. Samples were then dried within the Ar rich 

glove box environment before being transferred to the imaging facility in an Ar-sealed container 

to minimise sample degradation and surface oxidation. Scanning electron microscope (SEM) 

images were obtained using a FEI NanoLab 450 while the cross-sections were milled using a 

focused-ion beam (FIB) FEI DualBeam NanoLab 200. Transmission electron microscope (TEM) 

electron beam diffraction images were acquired using a Phillip CM200 field transmission 

microscope. Selected area electron diffraction (SAED) patterns and TEM-EDX were used to 

identify the crystallinity and material composition from the high-resolution cross-sectional TEM 

images.

2.3 Density functional theory modelling

Plane-wave DFT calculations were implemented using the Vienna ab-initio simulation package 

(VASP),43,44 with the core and valence electronic interactions being modelled using the projector 

augmented wave (PAW) method.45,46 The exchange and correlation functional was described with 

the Perdew-Burke-Ernzerhof (PBE) functional.47 Brillouin zone sampling was performed using 

the Monkhorst-Pack scheme with a k-point mesh of 7 × 7 × 7 and a plane wave kinetic energy cut-

off of 500 eV. 

The obtained lattice parameter for a Si unit cell of 5.468 Å was consistent with previous DFT 

calculations using the PBE functional.48 Supercells containing 64, 216, and 512 atoms of pristine 

and doped Si were constructed, with P, As and Sb introduced separately as single substitutional 

dopants to achieve the doping concentrations of 7.8 × 1020, 2.31 × 1020 and 9.75 × 1019 cm-3, 

respectively. Geometrical optimisations were achieved by relaxing all ionic positions and supercell 

vectors until the Hellman-Feynman forces were less than 0.01 eV/Å. Geometrical optimisations 

were achieved by relaxing all ionic positions and supercell vectors until the Hellman-Feynman 

forces were less than 0.01 eV/Å.

The influence of the dopant atom X (P, As, Sb) on the Li insertion enthalpy, was calculated by 

comparing the energy associated with accommodating Li in a doped Si crystal against that of 

accommodating Li in an intrinsic (undoped) Si crystal. The relative change in Li insertion enthalpy 

ΔELi,insertion, was calculated using:
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Δ𝐸Li, insertion =  
𝐸Li𝑛SiX – 𝐸SiX  –  𝐸Li𝑛Si +   𝐸Si 

𝑛
Eqn. (1)

where  and ESiX are the DFT energies of the lithiated and delithiated X-doped crystalline Si 𝐸Li𝑛SiX

supercell;   and  are the DFT energies of the lithiated and delithiated intrinsic crystalline 𝐸Li𝑛Si 𝐸Si

Si supercell (of supercell of the same size); and n is the number of Li atoms involved in the 

reaction.

3. RESULTS AND DISCUSSION

3.1 Changes in lithiation potential with doping 

Figure 1A shows the 1st CV cycle recorded at a scan rate of 1 mV s-1 for each of the doped Si 

electrodes prior to prelithiation (i.e., all electrodes were crystalline before being cycled). In this 

first scan, the peak lithiation current density was highest for the most lightly doped 1–10  Ω cm 

As-doped Si electrode (~235 μA cm-2) and lowest for the most heavily doped 0.001–0.005  Ω cm 

As-doped Si electrode (~142 μA cm-2). This observation is consistent with the hypothesis that 

lithiation becomes energetically less favourable with increased electron density or Si Fermi level 

as reported by Long et al.26 

The lithiation onset potential was ~60 mV for all the Si electrodes in the 1st  cycle (see Figure 1A 

inset). Lithiation below potentials of 50–70 mV has been shown to result in the formation of 

crystalline Li-rich Li3.75Si phase, even if the Si is amorphous at the start of the cycle.
3 This 

crystalline phase can induce high internal stresses due to its large volume expansion in the Si and 

can lead to delamination of the electro-active material and capacity fade.28,49 In thin films, 

formation of Li3.75Si can be suppressed due to stresses induced by the presence of the current 

collector.49  Domi et al. have also reported that P doping can inhibit the formation of this Li-rich 

crystalline phase due to the shrinking of the crystal lattice when P dopant atoms substitute Si atoms. 

They attributed the suppression of the Li-rich phase to the smaller increase in electrode thickness 

on lithiation and enhanced cycle life of electrodes (~1400 cycles with P doping compared with 

only ~600 cycles for intrinsic Si with an ionic liquid electrolyte).28
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Delithiation of all the n-type doped Si electrodes occurred via the formation of two phases, which 

corresponds to peak current densities at the potentials of 348 and 535 mV in the first CV cycle 

(see Figure 1A). The potentials of these peaks were similar to values deduced by Schroder et al.50 

for intrinsic Si (290 and 490 mV), McSweeney et al. for 0.001–0.005 Ω cm As-doped (100) Si 

(~370 ~500 mV)27 and Domi et al. P-doped amorphous Si (310 and 480 mV).28 These peaks have 

been ascribed to the delithiation of the Li-rich (Li3.5-3.75Si) and Li-poor (Li2.33-2Si) phases, 

respectively1,27,28 and have been associated with the formation of a-Si.1 The delithiation peak 

potentials did not vary considerably with doping density, which is to be expected as the properties 

of the lithiated Si electrodes would be dominated by the inserted Li rather than the presence of 

dopant atoms. However, the ratio of the peak current due to delithiation of the Li-rich phase (321 

mV peak for Cycle 1 in Table S2) compared to delithiation of the Li-poor phase (511 mV peak 

for Cycle 1 in Table S2) decreased from 1.23, 1.21 to 1.11 for the 1–10 Ω cm As-doped, 0.01–

0.05 Ω cm Sb-doped and 0.001–0.005 Ω cm As-doped Si electrodes, respectively. This suggests 

that higher n-type doping concentration may suppress the formation of the Li-rich Si phase and 

thereby limit excessive volume expansion. 

Domi et al. reported a similar suppression of the Li-rich Si phase and attributed this to a reduced 

lattice parameter arising from substitution Si atoms (atomic radius 0.111 nm) with smaller P dopant 

atoms (atomic radius 0.106 nm).23,28 To investigate this effect further, we calculated the lattice 

spacing expected for the different dopant atoms and concentrations using DFT (see Section 2.3). 

Figure 2A shows the change in the lattice parameter of Si with increasing dopant density for the 

n-type dopants; P, As and Sb. The modelling results suggests that each dopant element has a 

different effect on the lattice constant of Si. While P-doping reduces the Si lattice constant as 

previously reported;23,51 Sb and As have larger tetrahedral radii compared to Si and consequently 

result in increased lattice parameters. 
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To determine the effect of n-type dopant density on lithiation, we calculated the ELi,insertion for a 

Li ion inserted an increasing distance away from a dopant atom (P, As, and Sb). This represented 

a method of simulating the effect of reducing dopant density (assuming a homogeneous dopant 

distribution) since with lower dopant density there is a lower probability that a Li ion will be 

inserted close to a dopant atom. Figure 2B shows that the calculated ELi,insertion decreases as a 

function of distance from the dopant atom suggesting that the barrier to lithiation decreases with 

lower electronic doping for all dopant elements (i.e., it is not dependent on the dopant element or 

its size in the lattice). This DFT result can explain the trend of decreasing peak lithiation and 

delithiation currents with increased dopant density evident in the 1st CV cycle shown in Figure 

1A. Only when the Li ion is inserted close to an n-type dopant is a larger ELi,insertion experienced, 

and as doping decreases to approach intrinsic Si an asymptotic ELi,insertion occurs. Interestingly, if 

the energetic barrier to lithiation was dominated by dopant atom size as suggested by Domi et 

al.,23,28 then the smallest ΔELi,insertion would have been experienced by the 0.01–0.05 Ω cm Sb-

doped Si electrode due to Si-Sb’s larger tetrahedral radius. This does not appears be the case from 

the early lithiation stages presented in Figure 1A and Figure 1B (i.e., the 0.01–0.05 Ω cm Sb-

doped Si does not have higher Li diffusion current or higher E vs Li+/Li potential compare to other 

n-type Si investigated). This conclusion is consistent with the trend suggested by Long et al. using 

DFT calculations26 and suggests that the barrier to lithiation may arise due to Coulombic 

interactions between the positively-charged Li ion and the ionised dopant atom. This simulation 

established that insertion energy may not be due to changes in the lattice parameter induced by 

dopant atoms that are smaller or larger than the Si atomic radius as suggested by Domi et al.23,28 

We propose instead that the ELi,insertion may depend primarily on the electronegativity of the 

dopant atom than its size. However, this theory will be further evaluated in future work.  
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The 2nd cycle lithiation CV curve for the electrodes (see Figure 1B) were clearly changed from 

those of the 1st cycle, with two lithiation peaks becoming evident. These corresponded (in terms 

of potential) to the two Si phases identified by Obrovac and Krause.1 These lithiation peaks were 

also observed by McSweeney et al.27 and provide further evidence to support the assumption that 

the Si surface regions of the wafers were amorphous after the 1st  delithiation cycle. The lowest 

potential lithiation peak occurred at 189, 183 and 180 mV vs Li+/Li for each of the 1–10 Ω cm As-

doped, 0.01–0.05 Ω cm Sb-doped and 0.001–0.005 Ω cm As-doped Si electrodes, respectively (see 

Figure S4). This reflects the higher lithiation energy with increased dopant density even when the 

Si electrode is amorphous prior to lithiation. Furthermore, because this effect is observed in the 

absence of long-range crystal structure, it provides further evidence that crystal lattice effects due 

to dopant atom size are unlikely to be the basis for the increased Li ion insertion energy barrier 

that is observed for increasing n-type dopant density.23 

Both the lithiation and delithiation peak current densities increased for all dopant densities upon 

further cycling and, after 50 cycles (see Figure 1C), currents were higher for the more heavily 

doped Si electrodes compared to the more lightly doped 1–10 Ω cm As-doped electrodes. This 

change in the peak current density trend may be due to the current becoming limited by wafer 

conductivity rather than the Li ion insertion energy. Dopant-mediated energy barriers to Li ion 

insertion may be reduced by the presence of an intermetallic silicide LixSiy at the Si surface,27 

which would be expected to have a larger effect than the presence of dopant atoms. Additionally, 

only a single lithiation peak is evident after 50 cycles (see Figure 1C) and the delithiation peaks 

move to higher potential on cycling with the higher potential peak dominating the CV response. 

These potential changes in cycling were also observed by McSweeney et al.,27 and suggest that a 

smaller fraction of lithiation current is due to the formation of the Li-rich phase of LixSi in later 

cycles. The increased lithiation currents may also be partly due to an increased Li ion diffusion 

coefficient which enables Li ions to penetrate further into the Si wafer to form Li-poor regions.28 

However, with increased cycling, it became difficult to separate the contributions of doping and 

wafer conductivity on the lithiation and delithiation currents.
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On further cycling to 100 cycles (see Figure 1D), the peak delithiation current densities (see Table 

S2) of the lightly doped 1–10 Ω cm As-doped electrode were reduced from 161 μA cm-2 after 50 

cycles to 59 μA cm-2 after 100 cycles. A small reduction in peak delithiation current density was 

also observed for the 0.01–0.05 Ω cm Sb-doped electrode (from 191 to 168 μA cm-2) and no current 

density reduction was observed for the 0.001–0.005 Ω cm As-doped Si electrodes (peak 

delithiation current remained at 194 μA cm-2). The reduced lithiation and delithiation peak current 

densities for the more lightly doped electrodes may indicate possible electrode degradation and 

highlights the need to investigate changes that are occurring at the surface of these Si wafer 

electrodes (see Section 3.2). 

Figure 1: The 1st CV cycles (A), 2nd CV cycles (B), 50th CV cycles (C) and 100th CV cycles (D) for the n-type Si 
electrodes (no prelithiation) recorded at a scan rate of 1 mV s-1 from 0.01 to 3.0 V (E vs Li+/Li). The inset graph in 
(A) shows a close-up of the current offset occurring < 60 mV for all Si electrodes. The peak current densities and 
potentials are tabulated in Table S2 and Table S3.
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Figure 2: (A) Change in Si lattice parameter, computed using DFT, due to the introduction of P (■), As (●) and Sb 
(▲) dopants of increasing concentration into the crystalline Si lattice. (B) Relative change in Li insertion energy 
calculated for a Li ion inserted an increasing distance from a P, As or Sb dopant in a Si supercell comprising 216 
atoms.

3.2 Surface morphology changes after prelithiation

Figure 3 shows SEM surface images of Si electrodes having different dopant densities from de-

constructed coin cells after a prelithiation cycle at 0.05 mA cm-2 for 10, 20, 30 and 40 hrs and then 

delithiated to 3.0 V. Higher resolution images of selected regions are also shown in Figure S5. 

For all surfaces, cracks are evident on the Si surfaces and are indicative that a large volume 

expansion had occurred during prelithiation. Nanoscale differences in surface appearance in both 

figures may be due to a slight variation in the Si surface imaging preparation. For each dopant 

density, the extent of fragmentation increases with increased prelithiation duration. The cracks 

between fragments also appear to become wider and are more pronounced with prelithiation 

duration. The 1–10 Ω cm As-doped Si electrodes (see Figure 3A-D) displayed similar 

fragmentation patterns to those reported for thin intrinsic Si films,52–54 which may suggest that low 

n-type dopant densities do not significantly affect the Si lithiation process.
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Decreased surface fragmentation (corresponding to fragments of larger area) was evident with 

increased n-type dopant density for all lithiation durations. This is consistent with the higher 

dopant density presenting a larger initial barrier to Li ion insertion26,27 and hence reduced volume 

expansion during prelithiation as observed by Domi et al.28 Although the surfaces of the 0.01–0.05 

Ω cm Sb-doped Si electrodes (see Figure 3E-H) resembled more closely the surfaces of the more 

heavily doped 0.001–0.005 Ω cm As-doped Si electrodes (see Figure 3I-L) for the shorter 

prelithiation durations, with longer prelithiation durations these electrodes eventually showed 

extensive cracking similar to the lightly doped 1–10 Ω cm As-doped electrodes for prelithiation 

durations of over 30 hrs. 

Decreased surface fragmentation with increased doping density was also evident in the cross-

sectional SEM images of the Si electrodes shown in Figure 4; which were recorded after 10 hrs 

of prelithiation. The surface fragments were smaller in area, thicker and more disconnected for the 

Si electrodes which were more lightly doped (see Figure 4A and 3B). This implies greater induced 

strain and suggests that electrode failure due to loss of contact with the current collector may occur 

earlier than with the more heavily doped Si electrode (see Figure 4C). The thicker layers observed 

for the more lightly doped Si electrodes also appear to confirm that, at least during the early stages 

of prelithiation, Li ions penetrate more readily into the Si electrode’s surfaces causing greater 

volumetric expansion. The increased conductivity of the more heavily doped Si electrodes may act 

to transport Li further into the Si with longer prelithiation durations and with increased cycling 

and this appears to be evident at the sites of cracks in the electrode surfaces (see Figure S6).
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Figure 3: Scanning electron microscope images of the surfaces of selected 1–10 Ω cm As-doped (A-D), 0.01–0.05 Ω 
cm Sb-doped (E-H) and 0.001–0.005 Ω cm As-doped (I-L) Si anode. Si electrodes with different dopant densities 
were imaged after being prelithiated at 0.05 mA cm-2 for 10, 20, 30 and 40 hrs and then delithiated at the same current 
density to 3.0 V. The coin cells were then opened in a glove box, rinsed thoroughly with DMC and maintained under 
Ar until imaged. Higher magnification SEM images of the same Si electrodes are available in Figure S5.

Figure 4: Cross-sectional SEM images recorded for selected 1–10 Ω cm As-doped (A), 0.01–0.05 Ω cm Sb-doped 
(B) and  0.001–0.005 Ω cm As-doped (C) Si electrodes which had been pre-lithitated for 10 hrs at 0.05 mA cm-2 and 
then discharged to 3.0 V prior to imaging. The surface of all electrodes was coated with Pt before imaging for increased 
conductivity. 

Page 14 of 40

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

As mentioned in Section 3.1, amorphisation of the crystalline Si after the first delithiation cycle 

has been reported for intrinsic Si1,3,55,56 and n-type Si.27 Figure 5 shows TEM cross-sectional 

images with SAED images and TEM-EDX analysis for Si electrodes of different doping density 

after 10 hr of prelithiation at 0.05 mA cm-2, and then discharged to 3.0 V prior to imaging. The 

SAED patterns for all Si electrodes confirm the amorphous nature of the surface fragment regions 

and the (110) crystal plane for each of the doped Si electrodes. Although the imaged surface 

fragment appears to have become completely separated from the Si wafer surface in places for the 

0.01–0.05 Ω cm Sb-doped Si electrodes (see Figure 5C-D), for the other electrodes a dark 

boundary region appears between the a-Si surface region and the underlying crystalline Si wafer. 

This darker boundary region was not due to delamination of the fragments at least for the most 

heavily doped 0.001–0.005 Ω cm As-doped Si electrode as confirmed by the high-resolution TEM 

image shown in Figure S8. 

The TEM-EDX images in Figure 5B, D and F identify an SEI layer which contains Si, O and Pt, 

Pt has been deposited to protect the surface from the Ga beam milling process. Closer inspection 

of the SAED results of the SEI regions revealed some bright spots which suggest the presence of 

crystallites within the amorphous layer. Further evidence for these polycrystalline regions is 

provided by the high-resolution TEM in Figure S8 of a discharged 0.001–0.005 Ω cm As-doped 

Si electrode. Although the SEI that forms on Si anodes largely comprises products of reactions 

with the organic solvent and the PF6
- ions (accounting for the presence of O and F elements in the 

EDX maps), Nie et al. also reported the possible formation of LixSiOy and LixSiFy in the SEI of Si 

electrodes.57
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Figure 5: High resolution TEM cross-sectional images with SAED images (insets) and TEM-EDX analysis for Si 
electrodes of different doping density after prelithiation for 10 hr at 0.05 mA cm-2 and then discharging to 3.0 V prior 
to imaging; (A-B) 1–10 Ω cm As-doped, (C-D) 0.01–0.05 Ω cm Sb-doped and (E-F) 0.001–0.005 Ω cm As-doped Si 
electrodes. 
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3.3 Rate performance and cyclability

To explore the effect of n-type dopant density on the cyclability of the Si electrodes, coin cells 

were fabricated as described in Section 2.2 and cycled at an incremental current density of 0.2 mA 

cm-2 from 0.4–2.0 mA cm-2 within the potential range of 0.01–1.5 V. All coin cells were 

prelithiated for 10 hrs as described in Section 2.2. To prevent excessive ongoing lithiation of the 

Si wafers (especially at the low current densities), the areal capacity of the coin cells was limited 

to 2 mAh cm-2 whilst cycling within the potential range of 0.01–1.5 V. Areal capacities were used 

rather than specific capacities (in mAh g-1) in this analysis due to the difficulty in determining the 

mass of the electro-active Si. Given that the Si wafers acted both as a current collector and electro-

active material, more Si may become lithiated with subsequent cycles. The extent of this addition 

lithiation with successive cycling is expected to vary for wafers of different conductivities. It 

should also be noted that after the prelithiation, the Si surfaces for all electrodes used for the rate 

performance and cyclability experiments reported in this section are assumed to be amorphous as 

shown in Figure 5 and explained in Section 3.2. 

Capacity capping is a strategy that has been frequently used to achieve stable Si anode cycling 

without excessive and continuing Si lithiation.1,28,58 Figure 6 shows lithiation/delithiation 

capacities and the CE for representative 1–10 Ω cm As-doped (blue), 0.01–0.05 Ω cm Sb-doped 

(green) and 0.001–0.005 Ω cm As-doped (red) Si electrodes. Representative GCD profiles for each 

current density and respective doping density are shown in Figure S9. All profiles exhibit a flat 

lithiation plateau in the charge/discharge curves < 1.0 V vs Li+/Li and the onset of this plateau 

occurs at lower potential for the Si electrodes with higher dopant densities, which is consistent 

with their larger lithiation energy values.  
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The CE of the prelithiation cycle (Cycle 0) was similar for all electrodes irrespective of their 

doping (90.2– 95.3% for the 1–10 Ω cm As-doped, 88.7–94.1% for the 0.01–0.05 Ω cm Sb-doped 

and 91.0–95.8% for the 0.001–0.005 Ω cm As-doped Si electrodes, see Figure S10A). At current 

densities ≤ 0.8 mA cm-2, all Si electrodes could attain the capped capacity of 2 mAh cm-2. Their 

average CE over these initial cycles increased slightly and was less variable with increased doping 

density (99.3 ± 0.2% for the 1–10 Ω cm As-doped, 99.4 ± 0.1% for the 0.01–0.05 Ω cm Sb-doped 

and  99.7 ± 0.01% for the 0.001–0.005 Ω cm As-doped Si electrodes, see  Figure S10B). This 

trend was presumably due to the more extensive surface fragmentation in the more lightly doped 

Si electrodes resulting in more electrolyte reactions as discussed in the previous section. 

As the GCD current density was increased from 0.8 mA cm-2, the 2 mAh cm-2 capacity limit was 

increasingly more difficult to achieve for the more lightly doped electrodes and the most heavily 

doped electrode retained the highest capacity at the higher rates (~0.7 mAh cm-2 at 2 mA cm-2; see 

also Figure S11). The superior rate performance observed for the more heavily doped Si electrodes 

was attributed to lithiation (and delithiation) being increasingly limited by Si wafer conductivity 

at the higher rates since current must pass through the thickness of the wafer. It is also possible 

that the higher rate performance was due to a larger Li ion diffusion coefficient as reported by 

Domi et al. for their P-doped thin films on Cu.28 The resistance experienced by the Si current 

collectors in the coin cells was more than three orders of magnitude greater for the 1–10 Ω cm As-

doped electrodes compared to the 0.001–0.005 Ω cm As-doped Si electrodes (assuming uniform 

current flow across the electrode).    

Interestingly, when all the Si electrodes were re-cycled at the final 0.4 mA cm-2, the capped 

capacity of 2 mAh cm-2 was re-achieved (see Figure 6). Presumably at the higher rates, Li was 

only being inserted in the previously lithiated Si and no further electrode degradation was incurred. 

However, longer cycling at these faster rates may result in increased electrolyte decomposition 

and more extensive SEI formation due to higher overpotentials at the electrode surface. These 

results suggest that higher n-type dopant density can enable larger capacities at higher current 

densities (i.e., improved rate performance) for Si wafer-based electrodes. It should be noted that 

this higher rate performance for higher doping density may not be observed for electrodes 

comprising Si micro- or nanoparticles as capacity in these electrodes can be limited by the 

electrode composition (e.g., percentage of conductive C used in the slurry). 
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Figure 6: GCD lithiation (●) and delithiation (□) capacities and CE (◊) at different current densities for representative 
1–10 Ω cm As-doped (A), 0.01–0.05 Ω cm Sb-doped (B) and  0.001–0.005 Ω cm As-doped (C) Si electrodes. All 
electrodes were prelithiated for 10 hrs at 0.05 mA cm-2. During cycling the capacity of the coin cells was capped at a 
maximum capacity of 2 mAh cm-2 to prevent continuous lithiation of the Si wafer. 
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Figure 7 shows the lithiation/delithiation capacity and CE for representative prelithiated Si 

electrodes with different doping densities as a function of cycle number as the coin cells were 

cycled at 1 mA cm-2 between 0.01–1.5 V with a capped capacity of 2 mAh cm-2. All electrodes 

followed a similar trend in the early cycles, first rapidly increasing, followed by a shallow decrease 

and then an increase in current with the two more heavily doped electrodes achieving the capped 

capacity within the first 50 cycles (see Figure S12). These changes occurred more rapidly for the 

0.001–0.005 Ω cm As-doped Si electrodes, suggesting that wafer conductivity was limiting the 

achieved capacity in all cases. The most lightly doped electrode was not able to achieve the limiting 

capacity at the cycling current density used and reached a maximum capacity of ~1.60 mAh cm-2 

before decaying rapidly to < 0.13 mAh cm-2 within the first 200 cycles.

The rapid increase in the capping capacity for the more heavily doped Si electrodes was assumed 

to be due to the lithiation front extending further into the Si wafers with each cycle, due to those 

wafers being more conductive than the 1–10 Ω cm As-doped wafers. Even higher capacities can 

be achieved at lower current densities. A similar increase in areal capacity for n-type Si electrodes 

was also reported by McSweeney et al. (see their manuscript’s Fig. 9),27 however their areal 

capacities were significantly lower than reported here due no prelithiation being performed before 

electrode cycling. 

The use of capacity capping may have assisted in suppressing further Si fragmentation by limiting 

excessive lithiation and hence volumetric expansion.28 The 1–10 Ω cm As-doped electrodes would 

have been more fragmented after the 10 hrs of prelithiation (see Figure 4A) and this may have 

contributed to their reduced cyclability as more electrolyte would presumably have been consumed 

in additional SEI formation. For the more conductive electrodes, if capping had not been applied, 

then continued lithiation would be expected to cause more volumetric expansion and hence surface 

fragmentation leading to reduced cyclability. While capacity capping could limit the volumetric 

expansion in this study, such methodology can present practical challenges since typically Li-ion 

cells capacity are determine by potential limits, such that they are charged at a constant current to 

a fixed voltage and then are held at a constant voltage until the current decreases to a certain value 

(CCCV charging).
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The capacity of all electrodes eventually decayed to < 0.15 mAh cm-2 with the onset of this decay 

occurring after 80 and 120 cycles for the 0.01–0.05 Ω cm Sb-doped and 0.001–0.005 Ω cm As-

doped (C) Si electrodes, respectively. The capacity fading in later cycles is likely due to electrode 

fragmentation and/or electrolyte decomposition. The CE of the 1–10 Ω cm As-doped electrodes 

became increasingly variable at the onset of the capacity fading, increasing to  > 100% (see Figure 

7) with some cycles indicating the occurrence of irreversible reactions. Superimposed on the 

lithiation reaction are the reactions associated with SEI formation due to electrolyte reduction, 

which is known to occur at potentials < 1.0 V.39,59,60 As the electrolyte decomposes, the 

overpotential is expected to increase with increased SEI thickness and drive further electrolyte 

reduction reactions. These competing reactions are expected to occur for all the Si electrodes, 

however the lower conductivity of the 1–10 Ω cm As-doped electrodes is expected to result in 

higher overpotentials due to their lower conductivity, especially at higher current densities. 

Although use of n-type doping and capacity capping can be used to achieve more stable cycling of 

Si electrodes, an electrolyte that is electrochemically stable at the low lithiation potentials on n-

type Si will be required. Improved cyclability in thin film Si electrodes has been achieved using 

thiophosphate-based glasses (e.g., 80Li2S.20P2S5),21 however it is challenging to achieve an 

intimate, low-resistance interface between these solid-state electrolytes and a rigid crystalline Si  

electrode. Domi et al.28 have also shown that use of an ionic liquid electrolyte comprising 1 M Li 

bis(fluorosulfonyl)amide (LiFSA) in N-methyl-N-propylpyrrolidinium bis-(fluorosulfonyl)amide 

(Py13-FSA) can restrict the volume expansion of the Si during lithiation compared to that observed 

with an organic electrolyte.28 Some decomposition compounds from the FSA anion were still 

observed on the surface after cycling, however small inorganic compounds such as LiF, which can 

form due to FSA decomposition, may act to improve the mechanical stability of the SEI by forming 

an ion-conducting passivation layer that prevents further electrolyte decomposition.61–64 

Interesting, Domi et al.28 demonstrated that through P-doping of Si (100 ppm; estimated to be ~2.1 

× 1018 cm-3 and equivalent to a resistivity of 0.015 Ω cm), use of a LiFSA/Py13-FSA electrolyte 

and capacity capping, stable cycling for at least 1400 cycles could be achieved using electrodes 

comprising 1.6 m thick Si films formed on Cu current collector. 

Page 21 of 40

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22

Figure 7: Lithiation/delithiation capacity and CE as a function of cycle number for representative 10 Ω cm As-doped 
(blue), 0.01–0.05 Ω cm Sb-doped (green) and 0.001–0.005 Ω cm As-doped (red) Si electrodes. All electrodes were 
prelithiated then cycled 1000 times at 1 mA cm-2 between 0.01–1.5 V with a capped capacity of 2 mAh cm-2. An 
expanded view of the first 50 cycles can be found in the supporting information Figure S12.  

The cost of Si wafers has reduced enormously due to large and rapid increases in Si photovoltaic 

manufacturing. This may permit a consideration of using heavily doped wafers as both the 

electroactive material and current collector for composite flat electrodes (e.g., as in pouch cells). 

These electrodes can reduce the need for conductive binders and metal foils and considerably 

simplify electrode fabrication. Additionally, the wafers provide a native interface between the 

electro-active material and current collector, which may enable strong adhesion and electrical 

contact due to minimal differences in the physical properties between the crystalline Si current 

collector and amorphous electro-active surface region. This stronger adhesion may assist in 

reducing electrode failures due to active material losing electrical contact with a Cu foil current 

collector.36,37 However, heavily doped wafer-based Si electrodes will need to be substantially 

thinner (i.e., < 200 μm) than used in this study to reduce electrode mass and volume.65 They will 

also require prelithiation and capacity capping in order to control deeper and uncontrollable 

lithiation into the Si crystal on continued cycling as demonstrated in Figure 7, especially if low 

charging rates are required. Problems associated with continued lithiation can potentially be 

avoided by use of higher rates, however these requirements will place larger demands on battery 

management systems. One possible application for these composite Si wafer electrodes may be 

hybrid devices where energy harvesting functionality (e.g., solar cell(s) for solar energy 

harvesting) is integrated with small-scale energy storage functionality to provide autonomous 

sources of power for devices such as sensors and implants.66
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4. CONCLUSIONS

Our results demonstrate that surface fragmentation of Si electrodes can be reduced by introducing 

high densities of n-type dopants. This potential strategy for longer cycling Si anodes for Li ion 

batteries, which was also reported recently by Domi et al.,28 is demonstrated using Si wafer 

electrodes as they allowed for a more detailed characterisation of the surface lithiation process and 

resulting fragmentation. The findings of this study have implications for thin film Si electrodes, 

comprising micro- and nanoparticle Si. In these cases, n-type doping can be employed to reduce 

particle fragmentation and loss of contact with a binder and/or current collector.

The reduced lithiation potential observed with n-type dopant density suggests that n-type doping 

increases the energy barrier to Li ion insertion into the Si crystal lattice and supresses the formation 

of Li-rich LixSi. This limits the volume of inserted Li and results in a thinner amorphous Si surface 

layer (after delithiation) with less surface fragmentation compared to Si electrodes with a lower n-

type dopant density. Our results obtained from DFT modelling and experiments suggest that the 

observed increased barrier to lithiation is due primarily to electronic doping rather than changes in 

lattice spacing that occur with doping. The benefits of n-type doping for reduced surface 

fragmentation may be limited to early cycles because, once the Si surface is amorphous, the 

presence of residual Li in the Si is expected to overwhelm the contributions of electronic doping 

to Li insertion energy. In later cycles, lithiation becomes dominated by electrode conductivity and 

the lithiation currents of the more heavily doped electrodes surpass those in the more lightly doped 

electrodes.

The benefit of reduced volume expansion in early cycles by n-type doping needs to be balanced 

against the implications arising from the lower lithiation potential. This increases the likelihood of 

electrolyte decomposition upon subsequent cycling. Consequently, Si anodes employing 

electronic doping for reduced surface fragmentation will need to also consider the use of electrolyte 

additives that can assist with the formation of a stable SEI layer to minimise capacity fading or 

alternative solid-state/ionic liquid electrolytes.
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Our results also highlight the possibility that heavily doped (conductive) Si wafers can potentially 

be used in place of Cu current collectors for some applications; but wafer thicknesses will need to 

be reduced appropriately to reduce resistive losses and electrode mass. Conductive Si wafers can 

provide a native interface between the active material and the current collector for stronger 

adhesion and electrical contact. This may assist in reducing electrode failures due to active material 

losing electrical contact with a Cu foil current collector. However, heavily doped wafer-based Si 

electrodes will require prelithiation and capacity capping in order to limit uncontrollable lithiation 

of the Si, especially if low charging rates are required. These requirements will place larger 

technical demands on battery management systems for safe and reliable cycling. 
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Figure 1: The 1st CV cycles (A), 2nd CV cycles (B), 50th CV cycles (C) and 100th CV cycles (D) for the n-type 
Si electrodes (no prelithiation) recorded at a scan rate of 1 mV s-1 from 0.01 to 3.0 V (E vs Li+/Li). The inset 
graph in (A) shows a close-up of the current offset occurring < 60 mV for all Si electrodes. The peak current 

densities and potentials are tabulated in Table S2 and Table S3. 
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Figure 2: (A) Change in Si lattice parameter, computed using DFT, due to the introduction of P (■), As (●) 
and Sb (▲) dopants of increasing concentration into the crystalline Si lattice. (B) Relative change in Li 
insertion energy calculated for a Li ion inserted an increasing distance from a P, As or Sb dopant in a Si 

supercell comprising 216 atoms. 
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Figure 3: Scanning electron microscope images of the surfaces of selected 1–10 Ω cm As-doped (A-D), 
0.01–0.05 Ω cm Sb-doped (E-H) and 0.001–0.005 Ω cm As-doped (I-L) Si anode. Si electrodes with 

different dopant densities were imaged after being prelithiated at 0.05 mA cm-2 for 10, 20, 30 and 40 hrs 
and then delithiated at the same current density to 3.0 V. The coin cells were then opened in a glove box, 

rinsed thoroughly with DMC and maintained under Ar until imaged. Higher magnification SEM images of the 
same Si electrodes are available in Figure S5. 
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Figure 4: Cross-sectional SEM images recorded for selected 1–10 Ω cm As-doped (A), 0.01–0.05 Ω cm Sb-
doped (B) and  0.001–0.005 Ω cm As-doped (C) Si electrodes which had been pre-lithitated for 10 hrs at 

0.05 mA cm-2 and then discharged to 3.0 V prior to imaging. The surface of all electrodes was coated with 
Pt before imaging for increased conductivity. 
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Figure 5: High resolution TEM cross-sectional images with SAED images (insets) and TEM-EDX analysis for 
Si electrodes of different doping density after prelithiation for 10 hr at 0.05 mA cm-2 and then discharging to 
3.0 V prior to imaging; (A-B) 1–10 Ω cm As-doped, (C-D) 0.01–0.05 Ω cm Sb-doped and (E-F) 0.001–0.005 

Ω cm As-doped Si electrodes. 
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Figure 4: Cross-sectional SEM images recorded for selected 1–10 Ω cm As-doped (A), 0.01–0.05 Ω cm Sb-
doped (B) and  0.001–0.005 Ω cm As-doped (C) Si electrodes which had been pre-lithitated for 10 hrs at 

0.05 mA cm-2 and then discharged to 3.0 V prior to imaging. The surface of all electrodes was coated with 
Pt before imaging for increased conductivity. 
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Figure 7: Lithiation/delithiation capacity and CE as a function of cycle number for representative 10 Ω cm 
As-doped (blue), 0.01–0.05 Ω cm Sb-doped (green) and 0.001–0.005 Ω cm As-doped (red) Si electrodes. 
All electrodes were prelithiated then cycled 1000 times at 1 mA cm-2 between 0.01–1.5 V with a capped 

capacity of 2 mAh cm-2. An expanded view of the first 50 cycles can be found in the supporting information 
Figure S12.   
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