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1. Introduction

Increased energy and power densities, 
in combination with lower cost active 
materials, will accelerate the integra-
tion of lithium ion batteries (LIBs) into 
large-scale renewable storage and the 
electrification of transport.[1] Challenges 
to be overcome include, but are not 
limited to, the discovery and optimiza-
tion of advanced anode materials. One 
such possibility is the use of silica, once 
thought to be electrochemically inac-
tive toward lithium due to low ion dif-
fusivity and further hampered by its 
electronically insulating nature.[4] How-
ever, recent work[2] has demonstrated 
that silica can react with lithium in a par-
tially reversible process, with prolonged 
exposure to low voltages (<200 mV  
vs Li/Li+) promoting electrochemical 
activity. These observations, in addition 
to its high natural abundance, low cost, 
and well-explored synthesis, make silica 
an attractive, low-cost and sustainable 
prospect for anode applications although 
an understanding of fundamental mecha-

nisms behind this performance remains poorly understood.[3] 
Further, the presence of varying amounts of silica within com-
mercial silicon anodes is common[2] and fundamental insights 
that inform the nature of reduction products are critical for 
understanding long-duration stability and the behavior of 
silica in these next-generation anodes.

Up to now, the majority of reports have detailed only the 
low first cycle coulombic efficiencies for silica, which indi-
cate significant irreversible processes are taking place (see 
Table S1, Supporting Information). Interestingly, Lepoivre 
et  al. have recently demonstrated the electrochemical reduc-
tion of StÖber silica particles (size ≈200 nm),  showing that an  
initial pretreatment step of prolonged potentiostatic discharge 
(PSD) of up to 250 h was required before reversible reactions 
were observed for the silica particles. In that study, a capacity 
of 400 mAh g−1 was achieved and showed good stability over 
150 cycles.[2] This necessity of an electrochemical reduction step 
prior to reversible capacity performance is intrinsically linked 
to low coulombic efficiencies in the first cycle. This provides an 

The use of silica as a lithium-ion battery anode material requires a pre-

treatment step to induce electrochemical activity. The partially reversible 

electrochemical reduction reaction between silica and lithium has been 

postulated to produce silicon, which can subsequently reversibly react 

with lithium, providing stable capacities higher than graphite materials. 

Up to now, the electrochemical reduction pathway and the nature of the 

products were unknown, thereby hampering the design, optimization, and 

wider uptake of silica-based anodes. Here, the electrochemical reduction 

pathway is uncovered and, for the first time, elemental silicon is identified 

as a reduction product. These insights, gleaned from analysis of the cur-

rent response and capacity increase during reduction, conclusively demon-

strated that silica must be reduced to introduce reversible capacity and the 

highest capacities of 600 mAh g−1 are achieved by using a constant load 

discharge at elevated temperature. Characterization via total scattering 

X-ray pair distribution function analysis reveal the reduction products are 

amorphous in nature, highlighting the need for local structural methods 

to uncover vital information often inaccessible by traditional diffraction. 

These insights contribute toward understanding the electrochemical reduc-

tion of silica and can inform the development of pretreatment processes to 

enable their incorporation into next-generation lithium-ion batteries.
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engineering challenge to the wider uptake of silica as an active 
material for commercial full cells, where a limited lithium 
inventory requires initial efficiencies to be >90%. It is therefore 
likely that such electrodes will require additional electrochem-
ical reduction processing before construction into full cells.[5]

The key challenges, therefore, in overcoming the bottle-
neck to silica anode exploitation, are in understanding this 
electrochemical reduction process, optimizing the reduction 
reaction conditions and times, and obtaining anode materials 
with sustained high capacities over prolonged cycling regimes. 
Engineering the direct use of silica in LIBs can provide sig-
nificant economic benefits. Currently, the nature of the reduc-
tion reaction products between lithium and silica is a matter 
of debate.[6–9] The fully reduced silicon is commonly ascribed 
as the electrochemically active species, primarily due to the 
similarities observed in the voltage profiles observed of these 
electrodes. However, to date no direct characterization of the 
reduced species has been achieved owing to challenges with 
in situ measurements and the likely amorphous nature of 
the reduced species. Traditional techniques such as X-ray dif-
fraction (XRD),[6] NMR,[7] X-ray photoelectron spectroscopy 
(XPS),[7,8] high-resolution transmission electron microscopy 
(HRTEM),[7] and selected area electron diffraction (SAED)[7,9] 
have proved inconclusive as to the nature of LixSiyOz and LiyOz 
species formed during silica reduction and have not shown the 
presence of the postulated silicon product.

Here, we present a new methodology for understanding the 
electrochemical reduction process by investigating capacity 
increase and current flow during the reduction reaction. We 
have applied bioinspired silica (BIS) as a new silica anode mate-
rial, whose benefits include commercial viability (economic, 
scalability, and sustainability) and diversity in porous morphol-
ogies compared to Stöber silica and mesoporous silica.[10–12] 
In addition to this, BIS has achieved higher capacity of 
600 mAh g−1 and in a short electrochemical reduction time 
of 13 h. The determination of likely-amorphous reduction 
products, where long-range order does not persist, is made pos-
sible by the application of X-ray total scattering methods. Such 
insights are vital to uncovering the underpinning mechanisms 
behind electrochemical reduction reactions, paving the way for 
direct use of silica in LIBs

2. Experimental Section

2.1. Silica Synthesis

For BIS preparation, 31.82 g (0.15 moles) sodium metasilicate 
(Sigma-Aldrich) was dissolved in 4650  mL deionized water, 
inside a 5 L Radley's reactor.[13] The solution was brought up 
to a mixing speed of 450 rpm, after which 5.80 g (0.025 moles) 
pentaethylene hexamine (PEHA) (Sigma-Aldrich) was added to 
the solution. Hydrochloric acid (350 mL, 1 m) (Sigma-Aldrich) 
was added to the reaction mixture and the pH was monitored 
using a pH probe. Using a micropipette, additional HCl was 
added to adjust the pH to 7.00 ± 0.05 within 2 min. After 5 min 
of reaction time, the reaction solution was collected from the 
bottom of the reactor. Vacuum filtration was used to remove 
unreacted species and separate silica with at least two washes 

with deionized water. Oven drying at 120 °C for 24 h followed 
by drying under vacuum at 120 °C for 24 h was used to com-
pletely dry the BIS. Finally, the BIS was calcined at 550  °C 
in a tube furnace (Carbolite) under air for 3 h to remove any 
organic residues. In a separate reaction, silica was carbonized 
at 550 °C under argon for 3 h in a tube furnace (Carbolite). The 
resulting BIS was ball milled for 5 min to give a fine homoge-
neous powder.

Silica nanospheres of 200  nm in size were made via the 
Stöber method.[14,15] 203  mL of ethanol (≥99.8%, VWR) and 
15  mL of tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, 
≥99.0%) were mixed via magnetic stirring in a volumetric flask. 
After 10 min of mixing, 27 mL of deionized water was added, 
and following 10 min of mixing, 4 mL of ammonium hydroxide 
solution (VWR, 29%) was added dropwise to the solution. The 
solution was stirred for a further 24 h at 20 °C, followed by cen-
trifugation at 5000 rpm for 15 min to separate the particles from 
the solution. The particles were rinsed with deionized water to 
remove excess ethanol, ammonium hydroxide, and TEOS, then 
centrifuged once more at 5000  rpm for 15 min, before being 
dried overnight at 80 °C.

BIS and Stöber silica were imaged using a FEI Inspect F 
scanning electron microscope (SEM) at an accelerating voltage 
of 5 kV.

2.2. Battery Cell Assembly

A 2.5 wt% solution of carboxymethyl cellulose (CMC) (Sigma) 
binder and deionized water was prepared. The desired solid 
amount of binder CMC 20 wt% in electrode was added to a 
Thinky mixer 10 mL  pot. The conductive additive C-65 (MTI) 
20 wt% in electrode was added and mixed at 1500  rpm for  
5 min. Silica powder, 60 wt%, was added to the mixer and 
mixed together for a further 10 min to give a viscous ink. The 
ink was transferred to a 10 mL Perspex ball mill vial and milled 
in a Spex M8000 Mill with a stainless-steel bearing for 10 min. 
This ink was then applied to a carbon-coated copper foil (MTI) 
using a vacuum table (MTI) and doctor blade with thickness of 
300 µm. The coating was air dried for 2 h and then placed in an 
80 °C vacuum oven for a minimum of 6 h. The composition of 
working electrodes was: 60 wt% silica active material, 20 wt% 
conductive additive C-65, and 20 wt% CMC. Once dry, 12 mm 
diameter electrodes were punched from the foil and used for 
cell preparation. The mass loading of silica active material 
was 0.5–0.6  mg cm2. Electrochemical experiments were per-
formed using MIT2016-type coin cells with a Whatman glass 
fiber separator and lithium foil (Sigma-Aldrich) as the counter 
electrode. The electrolyte was 1 m LiPF6 in a 1:1 solution of  
ethylene carbonate (EC) and dimethyl carbonate (DMC)  
(Sigma-Aldrich) with a 5 wt% fluoroethylene carbonate (FEC) 
additive (VWR). The cells were assembled in an argon filled 
glove box (MBraun) with oxygen and water contents less 
than 0.1  ppm. The charging rate was based on a theoretical 
capacity of 680 mAh g−1 for silica. This theoretical capacity is 
based on the most commonly postulated reduction reaction 
(2SiO2  + 4Li → Si + Li4SiO4). The true theoretical capacity of 
silica materials cannot be determined without first knowing the 
reduction reaction mechanism.

Adv. Energy Mater. 2020, 2001826
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2.3. Potentiostatic Discharge (PSD)

The PSD was performed on a MACCOR 4000M Battery and 
Cell test system. The cells were first discharged galvanostati-
cally at a rate of 0.1 C to 0.01  V. The cell was then subjected 
to 0.002  V potentiostatic discharge for 20 h. Following this, 
five constant current constant voltage (CCCV) cycles were 
performed at 0.1 C between 0.0 and 0.8 V. This PSD followed 
by five CCCV cycles was looped in accordance to the desired 
experiment, typically 20 loops, therefore 400 h total time at 
0.002 V and 100 cycles.

2.4. Short-Circuit Reduction

Short-circuit reduction involved the application of a crocodile clip 
(RS-components) across the positive and negative electrodes of 
the 2016 coin cell, providing a path for current flow. The short-
circuit was applied to freshly made half cells, unless stated oth-
erwise. The short-circuited cells were sealed in a glass vial and 
placed within a temperature-controlled oven. The duration of 
short-circuiting and temperature of the oven were varied as spec-
ified in the Results section. Constant load discharge (CLD) was 
an equivalent experiment to short-circuit reduction but using a 
MACCOR 4000M Battery and Cell test system. Cells were cycled 
five times galvanostatically and then subjected to a constant load 
discharge of 0.8 Ω for the desired time duration. Cells could sub-
sequently be cycled for capacity evaluation. All cycling experi-
ments were performed in a temperature-controlled environment.

2.5. Electrochemical Impedance Spectroscopy (EIS) 
Measurement and Analysis

Electrochemical AC impedance experiments were performed 
on silica/lithium half-cells. The measurements were collected 
by a Solartron Modulab XM MTS, analyzing the frequency 
response between 0.01 and 100  000  Hz. Prior to impedance 
measurements, cells were held at open-circuit voltage (OCV) 
for 4 h to allow for sufficient voltage stabilization. Nyquist plots 
were fitted using ZView (Scribner and Associates).

2.6. Total Scattering, X-Ray Pair Distribution Function (X-PDF)

X-PDF data were collected on the I15-1 beamline at the Diamond 
Light Source UK, using an X-ray wavelength λ  = 0.161669  Å 
(E  = 76.69  keV). Electrode material samples were obtained by 
mechanical extraction from the copper current collector from 
post-mortem cells in an argon filled glovebox. The extracted 
material was then compacted into borosilicate glass capillaries 
of 1.17  mm (inner) diameter. Data from the samples, empty 
instrument, and empty capillary were collected, and integrated 
to 1D using DAWN.[16] Corrections for background, multiple 
scattering, container scattering, and attenuation were made, and 
the data were reduced to total scattering structure function, and 
Fourier transformed to the PDF, using the GudrunX software.[17]

3. Results and Discussion

3.1. Rate of Silica Reduction

3.1.1. Potentiostatic Discharge

The reduction of silica within the electrode is a surface-driven 
process occurring at the interface between the silica particle and 
lithium-containing electrolyte. Therefore, increased surface area 
in contact with electrolyte may increase the rate of lithium reduc-
tion. For this reason, porous silica will likely provide better per-
formance characteristics during electrochemical reduction. It has 
been shown previously (see Table S1, Supporting Information) 
that enhancing the electronic conductivity of silica by producing 
silica-carbon composites can increase the observed capacity. For 
both reasons BIS was chosen as the silica precursor in this study.

Previous reports have demonstrated the propagation of elec-
trochemical reduction in silica by PSD.[2] Since the PSD treat-
ment represents an additional processing step before silica 
electrodes can be incorporated into LIBs, it is desirable to 
assess new silica materials based upon the rate at which they 
react during PSD and the upper capacity they can achieve. To 
achieve this, we developed a new stepwise PSD, which allows 
for a quantitative measurement of both the capacity and the 
reduction time shown in Figure 1a. Initially, we used 200  nm 

Figure 1. a) Capacity of 200 nm Stöber silica during 20 h PSD steps at 2 mV. Inset is a magnification of cycles 10–25 showing the increase in capacity 
after a 20 h PSD step. b) Capacity versus cycle life of BIS calcined (red) and carbonized (5 wt% carbon) (black).
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Stöber silica (Figure  1a), as used by Lepoivre et  al.[2] in order 
to provide a clear comparison to the BIS synthesized in this 
work. The stepwise PSD involved holding the electrode at the 
desired voltage for a determined period and then cycling five 
times reversibly to determine the capacity increase. In the case 
of Figure 1a, a 20 h PSD period was applied at 2 mV. The reduc-
tion can be studied at varying time resolutions by adjusting this 
step. The upper capacity of electrochemically reduced Stöber 
silica presented in Figure 1a was consistent with that reported 
by Lepoivre et al.[2] Of particular note is the first cycle of each 
step, which is consistently higher than the subsequent four 
cycles. This was due to a small amount of lithium deposition 
on the electrode, which is deposited during the low voltage PSD 
step (discussed further next).

In addition to its porous morphology, bioinspired synthesis 
provides another important attribute which can potentially 
address the low electronic conductivity of silica. Postsyn-
thesis, an organic residue persists from the starting materials 
employed in the preparation of BIS, which is entrapped on 
the surface and within the silica structure. Figure 2 presents a 
schematic of how the organic additives may be either calcined 
and completely removed by heating in air or can be carbonized 
by heating under an inert atmosphere. Surface area and pore 
volume analysis was used to confirm the formation of the car-
bonized structure, while thermogravimetric analysis showed 
the silica contained 5 wt% carbon after carbonization. SEM 
confirms no morphological differences between the uncal-
cined, calcined, and carbonized silica (Figure  S1, Supporting 
Information).

The ability to electrochemically reduce calcined and car-
bonized BIS was assessed with the new stepwise PSD 
(see Figure  1b). A swifter capacity increase was observed for 
the carbonized BIS and after 400 h, a capacity of 600 mAh g−1 
was achieved. EIS was used to probe the contact resistance and 
charge transfer resistance, which were lower in the carbonized 
BIS electrode by 8.5% and 16.0%, respectively, compared to 
the calcined sample (Figure S2, Supporting Information). The 
increased conductivity of the carbon conducting layer on the 
silica increased the electronic accessibility of the reduction sites 
and thus increased the rate of electrochemical reduction. This 
first report of the use of a stepwise PSD showcases its power in 
interrogating the rate of electrochemical reduction.

The initial capacities of ≈90 mAh g−1 observed in Figure  1 
and Figure  S3 (Supporting Information) before PSD are 

attributed to the 20 wt% C-65 (carbon) which has a capacity 
of 241 mAh g−1 (Figure  S4, Supporting Information). In the 
absence of a PSD step, there was a minimal capacity increase 
over 100 galvanostatic cycles (Figure  S3, Supporting Informa-
tion). The small increase of 25 mAh g−1 over 100 cycles for the 
carbonized BIS is attributed to a small amount of electrochem-
ical reduction, which occurs during the low voltage stages of 
the galvanostatic cycling and is an indicator of the enhanced 
electrochemical reduction characteristics of the carbonized 
sample.

The stability of the reduced BIS electrodes was tested for 100 
cycles following the pretreatment (see Figure  S5, Supporting 
Information). The initial capacities for the carbonized and 
calcined electrodes were 625 and 410 mAh g−1 respectively fol-
lowing a 400 h PSD. On galvanostatic cycling of these electrodes, 
it was found that there was minimal capacity fade with +2.4% 
and 0% change in capacity after 100 cycles respectively. The rate 
capabilities of calcined and carbonized BIS were tested between 
0.1 and 5.0C using a theoretical capacity of 680 mAh g−1. Both 
electrodes show excellent rate capabilities even at the high 
C-rate of 3.4 A g−1 (Figure S6, Supporting Information), where 
the carbonized and calcined electrode can still provide 180 and  
145 mAh g−1 capacities, respectively. The return to stable 
capacity after the rate test indicates the stability of the reduced 
material and the robustness of the electrode fabrication.

3.1.2. Short-Circuit Electrochemical Reduction

According to the standard redox potentials of lithium and silica, 
the reduction of SiO2 should be spontaneous with a potential of 
−2.13 V, following the process SiO2 + 2Li  → Si + 2Li2O which 
describes the complete reduction of silica.

If an electronic pathway between the two electrodes is estab-
lished, then due to the spontaneity of the reaction, this reduc-
tion reaction should proceed without any external bias. This 
reaction is here termed external short-circuiting and describes 
the connection of the positive electrode (silica) and the negative 
electrode (lithium) via a low resistance external circuit.

A series of silica-lithium half cells were externally short-
circuited and left in a controlled temperature chamber before 
cycling (100 cycles, C/10) to study the effect of short-circuiting 
on the electrochemical reduction of silica. Figure 3a shows the 
capacity increase for calcined and carbonized silica following 

Figure 2. A schematic of bioinspired silica particle structure and theoretical representation of carbon coating and calcination to produce final product.[11]
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either a 5 or 10 days short-circuiting period at 25  °C. The cal-
cined silica electrodes reached capacities of 200 and 310 mAh g−1 
after 5 and 10 days, respectively, while the carbonized electrodes 
reached higher capacities of 395 and 460 mAh g−1. After 
100 cycles, the capacities of all four electrodes continued to 
increase further (discussed next). The rate of the reduction reac-
tion, and hence the capacity achieved by the silica electrodes, 
were still improved by carbonization on the silica surface.

It is likely that the reduction reaction initially occurs at the 
silica interface with the lithium containing electrolyte, with 
the conversion of the center of the silica particles dependent 
on lithium diffusion into the bulk. Therefore, the reaction is 
limited by mass transfer with reduction becoming more and 
more restricted through the particle. The asymptotic behavior 
observed for the extent of reduction reaction during PSD, 
Figure  1, suggests that as the silica is increasingly reduced, it 
becomes harder for virgin material to react. We discuss this 
further in Section 3.3.

Solid-state diffusion of ions is strongly correlated with tem-
perature which can overcome the activation energy barriers for 
hopping between sites. To promote mass transfer, cells were 
short-circuited at 50 °C for 5 d, then cycled (Figure 3b). The cal-
cined and carbonized electrodes reached a capacity >490 mAh g−1  
in the second cycle and both rose to a capacity of 600 mAh g−1 
after 100 cycles. Both electrodes achieved higher overall capaci-
ties at this elevated temperature, supporting the idea of 
increased SiO2 reduction at an elevated temperature. Both the 
calcined and carbonized electrodes reached the same capacity 
at the same rate, which suggests that at 50  °C, the electronic 
conductivity of the electrodes may no longer be a limiting factor 
for the rate of reduction. It is expected that higher temperatures 
still would increase the rate of electrochemical reduction. How-
ever, the cell cases used in this study were unable to hold at 
temperatures higher than 50 °C for prolonged periods.

In the short-circuiting experiment (Figure 3b), the highest 
initial capacities reached were ≈500 mAh g−1, rising to 
≈600 mAh g−1 after 100 cycles. This is unlike the stepwise 
PSD where the 400 h pretreatment of the carbonized BIS pro-
duced a capacity of 600 mAh g−1 which was then stable over 
100 cycles. We attribute this to the cycling of the electrode 
during the stepwise PSD. The volume expansion of silicon 
during cycling has been widely reported[18] and the repeated 
cycling of the electrode during stepwise PSD allowed the elec-
trode structure to evolve and achieve a stable 600 mAh g−1  
capacity. Differential capacity plots (Figure  S7, Supporting 
Information) support this hypothesis, showing that the 

established pathways for silicon lithiation/delithiation do not 
occur sequentially until the electrode is subjected to galva-
nostatic cycling. Figure 3c shows the results of an individual 
cell where the cycling was alternated with short-circuit steps 
to replicate the stepwise PSD procedure. The inclusion of 
periodic cycling resulted in a higher capacity than a static dis-
charge process. The manipulation of the spontaneous reduc-
tion process removes the required energy to pretreat these 
cells, offering an appealing solution for large-scale fabrication.

3.2. Total Scattering Analysis of the Reduction Products 
from the Cell Pretreatment

Due to the amorphous nature of the products of silica reduc-
tion, previous studies have offered varied solutions to their 
nature. Silicon as a product has yet to be identified through 
direct characterization. The formation of amorphous silicon 
after lithiation is well documented in silicon-based active mate-
rials.[19] Here, the products of electrochemical reduction were 
characterized via total scattering X-ray PDF. PDF analysis 
includes scattering data from both the crystalline and amor-
phous components (i.e., both the Bragg peaks and the diffuse 
scattering), and so reveals structural information from mate-
rials where long-range order does not persist, as is the case for 
these reduction products.

Total scattering studies were performed on postmortem 
electrodes, with extreme care taken to prevent exposure to 
air or moisture. Figure 4a shows the X-PDF of the fresh com-
posite electrode material (blue). Due to the composite nature 
of the electrodes, detailed characterization of control sam-
ples and polycrystalline silicon references were also required 
(Figure S12, Supporting Information). Since the as-studied 
sample contained both silica and carbon species, the resulting 
PDF contained peaks from both materials. Peak (1) at 1.60 Å 
(SiO)[20] was the most prominent signal and is attributed 
to the SiO atom–atom distance, confirming the presence 
of silica in the electrode, with a shoulder (peak 2) at 1.42 Å 
(CC)[21] due to the presence of carbon. The composite elec-
trode has another peak 3 at 2.49 Å which is a combination of 
the carbon–carbon distance (2.46 Å)[21] from the CMC binder 
and conductive carbon additive employed and the OO 
distance from silica (2.61 Å).[20] In addition, peak 4 at 2.92 Å 
in the composite material is formed of the 2.84 Å (CC) peak 
from CMC binder and conductive carbon additive and the 
3.06 Å SiSi distance in silica.

Figure 3. The results of galvanostatic cycling for 100 cycles after short-circuit treatment for 5 and 10 d. a) Short-circuit performed at 25 °C. b,c) Short-
circuit performed at 50 °C.
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The composite silica electrodes showed no Bragg peaks 
before or after electrochemical reduction. This was expected 
before reduction as each component of the electrode was amor-
phous in nature, and the lack of Bragg peaks in the reduced 
material shows no long-range order is present in the reduc-
tion products consistent with previous literature studies.[2,22–24] 
Figure 4b presents the PDF of the fresh silica electrode and the 
silica electrode after potentiostatic discharge (includes lithiated 
and delithiated states). As no changes occur to the carbon spe-
cies during lithiation, the peak 2 for CC (1.42 Å), invariant 
across this study, provides an internal standard. Note the areas 
and intensities of peaks in PDF measurements are complex 
and are not solely related to the abundance of the relative ele-
ments at a given distance. The relative ratios of peaks can be 
used in a qualitative manner to determine changes within the 
electrodes.

From Figure 4b, it is clear that relative to the carbon peak 2 
at 1.42 Å, the peak attributed to the BIS (SiO bond) at 1.60 Å 
reduced significantly after the PSD. Further, peak 4 at 2.92 Å  
shifted to 2.88 Å (peak 4a). This is attributed to the loss of 
silica, leading to an increased contribution to this peak 
from the carbon signal at 2.84 Å (Figure S12, Supporting 
Information). Changes to both peak 2 and peak 4 strongly 
suggest the loss of silica, most likely by reduction to silicon. 
In addition, peak 5 at 2.35 Å appeared after the PSD and 
was present in the lithiated and delithiated states. This peak 
5 at 2.35 Å matches with the control crystalline silicon sam-
ples measured in this study (Figure S12, Supporting Infor-
mation) and with the well documented value for SiSi bond 
distance.[25] Combining with the results from peaks 2 and 4a, 
it is clear that silica was electrochemically reduced to amor-
phous silicon, which is present in the lithiated and delithiated 
material. These results provide the first direct evidence for the 
formation of elemental silicon in an amorphous state. This is 
further supported by the literature where it has been reported 
that silicon becomes amorphous after lithiation.[26] There are 
no additional peaks attributed to silicon, which suggest no 
long-range order.

The presence of SiSi bonds at 2.35 Å in both the lithiated 
and delithiated state suggests that the highest lithiated state 
of silicon (cry-Li3.75Si) was not reached. However, with the low 

electronic conductivity and relatively high current rates used for 
testing of these electrodes, the highest crystalline lithiated state 
cry-Li3.75Si may not form.[25,27,28] If all silicon is participating in 
lithiation during cycling, then lower lithiated states, such as 
those proposed by Grey and co-workers may form.[25] The pres-
ence of these structures in the lithiated samples would explain 
the presence of the SiSi signal at 2.35 Å in the PDF. With 
regards to the lack of long-range order within the delithiated 
structure, the X-PDF results show the complete amorphiza-
tion of the silicon domains formed during the electrochemical 
reduction. The absence of other clear signals in the PDF meant 
that other potential secondary reduction products (LixSiyOz/
LiOx species) were not detected. As X-rays are insensitive to 
lighter elements such as Li, diffraction and scattering studies 
at a neutron source may be required to identify these elusive 
species.

3.3. Mechanism of Electrochemical Reduction in Silica Anodes

It has been shown above that increasing the temperature to 
50 °C increased the rate of the electrochemical reduction of silica 
by lithium in short-circuit cells. Figure 5a shows that the same 
principle applies to the PSD method, with one 20 h potentio-
static discharge step at 2 mV increasing capacity to 500 mAh g−1  
at 50 °C, compared to a negligible increase at 25 °C. Here, we 
can directly measure the current response through the process. 
By monitoring the current through the external circuit, one 
can record the number of electrons transferred and the rate 
of reduction. Figure 5b presents the current profile of cells at 
25 and 50  °C during the first PSD step. The negative current 
corresponds to electrons flowing from the lithium to the silica 
electrode. The current response is small for the electrode at 
25  °C, representing a lower electron transfer rate to the silica 
electrode. The maximum in the current profile for the electrode 
reduced at 50  °C is 35 times that at 25  °C (170 µA compared 
with 5 µA).

As the current is directly proportional to the rate of elec-
trochemical reduction, the current profile can provide insight 
into the mechanism behind the reaction occurring. The 
current response is small during the first 20 h PSD for the 

Figure 4. a) PDF of composite electrode and its individual components. Peaks corresponding to silica, binder, and conductive additive highlighted in 
dashed line. b) PDF of fresh electrode and after short-circuit at 50 °C for 20 h in both lithiated and delithiated state. Dotted line for peak-2 highlights 
the CC bond distance (unaffected during reduction), while the lines for 4a and 5 highlight the main peak shifts observed during reaction.
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electrode at 25  °C, representing slower electron transfer to 
the silica electrode. When comparing the shape of the current 
profiles for temperatures in Figure  5b and Figure S9 (Sup-
porting Information), a clear pattern emerged (labeled i–v), as 
described next.

For the reduction at 50 °C, the current profile in Figure 5b 
clearly shows five distinct stages labeled (i–v):

i. A spike in current as the charging regime is switched from 
a galvanostatic discharge at 0.1 C down to 50 mV to the PSD 
step at 2 mV. During this switch, the current spiked and then 
relaxed (0.5 h at 50 °C).

ii. This is followed by a minimum in current. A period where 
little current flowed between the two electrodes (0.5 to 1.5 h 
at 50 °C).

iii. A period with a relatively constant increase in current was 
observed (1.5 to 7.5 h at 50 °C).

iv. This increase in current reached a maximum in current, which 
corresponds to the highest rate of reduction (7.5 h at 50 °C).

v. Finally, a period of gradual decrease in current at a relatively 
linear rate was observed (7.5 to 20 h at 50 °C).

Although different in magnitude and timescale, these fea-
tures (i–v) can be assigned to the sample at 25 °C (Figure S9, 
Supporting Information). This is a strong indicator that the 
same chemical processes are occurring at both temperatures, 
but with differences in rates and extents.

With the aim of identifying the chemical processes occurring 
within the electrodes from stages i–v, EIS measurements were 
performed. Figure  6a highlights the important stages (w–z) 
where the impedance measurements were performed. Points 
w, y, and z represent measurements on the electrode, before 
PSD, and after PSD and then after ten galvanostatic cycles, 
respectively. Of particular relevance is the Nyquist plots in the 
lithiated state, which displays a single depressed semicircle fea-
ture at high frequencies followed by a sloping impedance to 
lower frequencies as seen in Figure 6b.[29]

Figure 6b presents the impedance frequency response of the 
lithiated electrode during the 20 h PSD treatment x in Figure 6a. 
The semicircle at high frequency can be fit with the equivalent 
circuit shown in Figure  6c, containing a parallel resistor and 
constant phase element (CPE). The electrode does not behave 
as an ideal capacitor (as expected), therefore a CPE was used to 
describe the capacitive nature of this element and account for 
real world behavior and the roughness of the active materials 
used.[29,30] Fitting the time-resolved impedance spectra allows 
for the extraction of the resistance of this element (Rp) and the 
CPE p factor, where p = 0 is an ideal resistor and p = 1 describes 
an ideal capacitor and Q0 is a constant (see Equation  (1)). The 
value of p was therefore used to determine the capacitive nature 
of a charge transfer process. Figure 6d shows a profile for the p 
factor and the resistance of the electrode over 20 h of PSD. A rise 
in the resistance and the p factor for the first 3 h was observed. 
The resistance began to decrease after 4 h and p factor after 6 h. 
Both factors decrease in magnitude and level out by 13 h

ω

=
1

( )
CPE

0

Z
Q j p

 (1)

It is possible to correlate the capacitive and resistive nature 
of the electrode during the PSD (shown in Figure 6d) with the 
current profile features (i–v) shown in Figure  5b. Stage ii (a 
minimum in current flow) coincides when the p and Rp are at 
a maximum, leading to the slowest rate of reduction. This can 
be explained by charge build-up at the surface of the electrode 
due to the highest resistance, which hinders the electrochem-
ical reduction reaction. We postulate that this charge build-up 
occurs as insufficient electron conduction pathways are avail-
able to facilitate the charge transfer reaction.

Stage iii is a period with a relatively constant increase in 
current up to a maximum. The beginning of this rise in cur-
rent corresponds with the decrease in electrode resistance 
(Figure  6d). As silica gets reduced to silicon, and lithium sili-
cates, these reduced species create new electron conduction 
pathways to adjacent virgin silica (note: the electronic conduc-
tivities of silicon, lithium silicates, and lithium oxides have 
been reported to be higher than insulating silica[31–33]). There-
fore, as the reaction progresses, a positive feedback loop is 
created, where the rate of the reduction reaction continues to 
increase. The rapid decrease in the electrode resistance during 
stage iii directly supports this proposed hypothesis.

Figure 5. a) Capacity versus cycle life for BIS electrodes reduced with  
20 h PSD steps at 50 °C (red) and at 25 °C (black). b) Current responses 
during the first PSD step.
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During stage iv, the maximum rate of reduction occurs. As 
the surface silica is reduced, the electronic conduction path-
ways are no longer the limiting factor for the rate of reaction. 
As a shell of reduced material is formed, the lithium diffusion 
pathways elongate and the process becomes limited by mass 
transfer. As the reduction front propagates into the particles in 
this manner, it is envisaged as a variation of a shrinking-core 
mechanism.

During stage ii, a charge build-up at the surface of the elec-
trode occurs, thus hindering electrochemical reduction. The 
electrochemical reduction reaction is limited to those sites 
with sufficient electronic conduction pathways (i.e., those in 
contact with the conductive carbon network). To investigate 
this stage further, an experiment was designed to mimic the 
conditions of an external short-circuit discussed earlier. The 
use of a CLD is analogous to a short-circuit and can be per-
formed on a galvanostat whilst simultaneously monitoring cell 
voltage and current. Figure 7a represents a cell after 24 h CLD 
at 50 °C, where a high and stable capacity of 550 mAh g−1 can 
be reached. Unlike in PSD, the cell voltage may fluctuate and 
this can be monitored (Figure  7b). The reduction of silica via 
lithium is spontaneous during the short-circuit (constant load); 
however, fluctuation in the voltage will indicate the propensity 
of the reaction to occur.

The relationship of cell potential and Gibbs free energy is 
described by the variation of the Nernst theory in Equation (2), 

where z = number of electrons transferred, F = the Faraday con-
stant (C mol−1), and Ecell = cell potential difference (V)

∆ = − cellG zFE  (2)

According to Equation (2), for Gibbs free energy to be nega-
tive and hence a reaction to be spontaneous, the cell poten-
tial needs to be positive.[34] If the voltage across this lithium 
half-cell becomes negative, then this indicates lithium will no 
longer be transferred to the working electrode spontaneously. 
Figure 7b presents the voltage signal during the CLD: during 
stage ii, the voltage across the half-cell fluctuates between 0 
and −0.6 V. As established earlier, during stage ii, little to no 
current flows across the cell, hence no reduction of silica is 
occurring. However, as Figure  7b shows, the potential at the 
electrode is changing significantly. We propose that during 
stage ii, lithium is deposited at the surface of the silica elec-
trode and cannot react due to ineffective electron conduction 
pathways. This build-up of lithium and positive charge leads 
to the negative voltages in Figure  7b. A build-up of charge 
during this period also corresponds with the increased capaci-
tance detected during stage ii as measured by EIS (Figure 6d). 
As the reduction reaction progresses, initially from sites with 
established electronic conduction pathways, the reduced 
product becomes more electronically conducting, thus pro-
viding further sites for the reduction reaction to occur at a 
faster rate (stage iii).

Figure 6. a) Capacity versus cycle life of a PSD reduced electrode at 50 °C, points (w–z) mark where electrochemical impedance measurements were 
performed. b) 3D Nyquist plot of the time-resolved impedance response throughout a 20 h PSD treatment at 50 °C, c) the resistance and CPE-P values 
for the equivalent circuit, d) fitted to the high frequency semicircular impedance response.
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As the current begins to rise, stage iii, and throughout stages 
iv and v, the voltage fluctuates only slightly between 0 and 
−0.05 V. After 13 h of CLD, the voltage shows no fluctuations. 
The small fluctuations in cell voltage observed during stages iii,  
iv, and v perhaps indicate that some lithium build-up on the 
surface still occurs during these stages but to a lesser extent 
as the surface of the silica particles may not have been entirely 
reduced at these stages. We suggest that as electronic conduc-
tion pathways progress to these sites, a voltage drop will occur 
as a small quantity of lithium deposits. This may be related to 
the porous nature of the silica particles: Pores within the par-
ticle have no way of contacting the conductive carbon network, 
they may however be wetted by lithium-containing electrolyte. 
These voltage signals could be a result of the reduction reac-
tion front penetrating deeper into the particles and as such 
establishing electronic conduction pathways to these pore sites 
which are in contact with electrolyte. The exact nature of the 
negative potentials measured in stage iii is much smaller than 
the large negative voltage signals seen in stage ii. However, both 
fit with a model of reduced material providing conduction path-
ways to virgin silica sites, with the reaction progressing with a 
shrinking core like mechanism of reduction within the parti-
cles. Combining the results discussed above, Figure 8 presents 
a schematic overview of the proposed electrochemical reduction 
at the level of a single BIS particle.

The voltage profile in Figure 7b indicates that the majority 
of the electrochemical reduction has occurred after 13 h. Per-
forming CLD on a fresh cell for 13 h at 50  °C resulted in a 
capacity of 500 mAh g−1, with a stable capacity of 600 mAh g−1 
reached after 20 cycles. The coulombic efficiency was 90% 
rising to 99% after 20 cycles. This represents a significant 
decrease in the electrochemical reduction time needed to pro-
duce high and stable capacities from 250 h required to reduce 
Stöber silica particles with capacity of 400 mAh g−1,[2] to 13 h 
reported here. The high capacity and stable cycle life demon-
strate the enormous potential for the use of BIS as an anode 
material.

4. Conclusion

This study puts forward a new method to utilize bioinspired 
silica particles for application as silica-based anodes in lithium-
ion batteries. Compared to anode grade silicon, silica as a low-
cost material is a sustainable source given its abundance, hence 
its direct use can clearly help meet the economic targets. We 
have demonstrated that the reduction reaction proceeds via a 
shrinking core-like mechanism as conductive pathways progress 
into the silica particles during the reduction. The reduction 
products are amorphous in nature, however, through the use of 
total scattering X-ray pair distribution analysis, we have directly 
observed the formation of electrochemically reduced silicon 
for the first time. By establishing a new pretreatment pro-
tocol, to reduce the silica particles at an elevated temperature, 
we can significantly reduce the pretreatment time required to  
13 h compared with previous literature values of 100s of hours,[2] 
offering significant commercial advantages.[2,35] The bioin-
spired silica anodes could provide a stable high capacity of  
635 mAh g−1 after 100 cycles which is significantly higher than 
that of graphite (372 mAh g−1). Further work includes a detailed 
study of the current profile during the electrochemical reduc-
tion of silica in order to understand and optimize the reduction 
kinetics. Characterization of the lithium-containing interme-
diate reduction species and the morphology of the Si/SiOx will 
be valuable in future studies using advanced techniques such 
as neutron total scattering and operando spectroscopic and 

Figure 7. a) Capacity profile of a BIS electrode before and after 24 h of a constant load discharge (CLD) of 0.8 Ω at 50 °C. b) Voltage signal during the 
24 h CLD step.

Figure 8. Graphical representation of the mechanism for the electro-
chemical reduction of BIS at a particle level. i–v correspond to stages 
shown in Figure 5b.
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microscopic methods. As some silicon chemistries currently in 
use for LIBs contain varying amounts of silica within their struc-
ture, whether as an impurity or a passivating layer, the results 
presented here should aid in understanding behavior in other 
silica-containing systems, providing significant ramifications for 
these materials beyond their use as an active anode material.
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