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Mesoporous silica particles of controlled size and shape are
potentially beneficial for many applications, but their usage may be
limited by the complex procedure of fabrication. Biotemplating
provides a facile approach to synthesize materials with desired
shapes. Herein, a bioinspired design principle is adopted through
displaying silaffin-derived 5R5 proteins on the surface of
Escherichia coli by genetic manipulations. The genetically modified
Escherichia coli provides a three-dimensional template to regulate
the synthesis of rod-shaped silica. The silicification is initiated on
the cell surface under the functionality of 5R5 proteins and
subsequentially the inner space is gradually filled. Density
functional theory simulation reveals the interfacial interactions
between silica precursors and R5 peptides at the atomic scale.
There is a large conformation change of this protein during
biosilicification. Electrostatic interactions contribute to the high
affinity between positively charged residues (Lys4, Argl6, Argl7)
and negatively charged tetraethyl orthosilicate. The hydrogen
bonds develop between Arg16 (O---H), Argl7 (O---H and N---H) and
Leul9 (O---H) residues and the forming silica agglomerates. In
addition, the resulting rod-shaped silica copy of the bacteria can
transform into mesoporous SiOx nanorods composed of carbon-
coated nanopatrticles after carbonization, which is shown to allow
superior lithium storage performance.
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Introduction

Mesoporous silica particles have attracted widespread
attention due to their high surface area, tunable pore size and
low costs.! They are needed for numerous applications,
including energy storage, gas sensors, catalysis and biomedical
applications.2 However, tailor-made particles with controlled
size and shape are difficult to fabricate by conventional
procedures.3 Nature provides a huge variety of structures and
shapes, which allows the materials to achieve their specific
Learning from structure-forming processes in
natural materials enables developing new bioprocess-inspired
syntheses.> Biotemplating®® is a well-known approach that
harvests complex shapes from natural systems by transforming
these shapes directly into ceramic materials, using a variety of
processes. Furthermore, biotemplating processes exhibit the
potential being up-scaled using biotechnology approaches.?
Biotemplating could be utilized to synthesize materials with
nanostructures for various applications. For example, one-
dimensional wild type or genetically modified M13 viruses were
adopted to synthesize nanomaterials.’® They can serve as
template to control the formation of inorganic materials with
nanowire morphology. A. M. Belcher et al. investigated the
formation of cobalt manganese oxide nanowires by M13
viruses, which exhibited potential for energy storage
electrocatalysts.'? J. Bill et al. utilized aspartic acid modified
M13 to direct the formation of ZnO fibers with oriented
nanocrystals and a high piezoelectric response.l? As an
interesting alternative, Escherichia coli (E. coli) also presents
two advantages when utilized as template. It can guide the
morphology of materials to produce rod-shaped structures and
its surface can be modified by displaying proteins through
genetic manipulations.

In biological systems, the mineral deposition is often directed
by the surface functionalization of biomolecules on insoluble
organic scaffolds.’®> The biomolecules direct the nucleation,
growth, morphology and orientation of minerals around
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scaffolds.’* For example, the oriented growth of apatite
nanocrystals inside collagen fibrils in bone occurs under the
actions of non-collagenous proteins,’> and the formation of
complex silica patterns in diatom cell walls is also controlled by
silaffin and chitin-based scaffolds.® As a species-specific protein
for the formation of diatom and spicule biosilica, catalytic
enzyme silaffin and silicatein are capable of synthesizing silica in
vitro, respectively.1’-2° The biosilicification capabilities of silaffin
functional domains or derivatives, such as R5,%! pentalysine,??
PL12 (KAAKLFKPKASK)?® were widely evidenced. Solid state
nuclear magnetic resonance (ssNMR)?*2> and sum-frequency
generation (SFG) spectroscopy?®2’ were adopted to identify the
subtle change of conformation or structure of proteins during
silica formation. Molecular dynamics (MD) were employed to
investigate the binding of phosphorylated R5 to a silica surface
through the introduction of charge and steric repulsion.?®
However, revealing the interfacial interactions between
functional proteins and forming minerals at the atomic scale is
still challenging. Recently, density functional theory (DFT)
simulations have been shown to efficiently provide quantitative
information of the specific interactions between interfaces at
the atomic scale.?®32 The detailed atomic features, such as
interatomic and interfacial bonding, hydrogen bonds, solvent
effect, related to the interactions at interface could be clearly
elucidated.?930

Here we developed a methodology where rod-shaped bacteria
serve as templates for the formation of rod-shaped mesoporous
silica particles. Following a biotemplating approach we
designed a functionalized surface through expressing 5R5
proteins, including five repeats of R5, on the surface of cells
through genetic modification.33 The silicification preferentially
occurred on the surface of E. coli through the interactions
between 5R5 protein and tetraethyl orthosilicate (TEOS). The
interfacial interactions at the atomic scale between R5 and silica
were demonstrated by DFT simulations. Electrostatic
interaction and hydrogen bonds contributed to the formation
of rod-shaped structures. Interestingly, these structures could
be transformed into mesoporous SiOx nanorods assembled
from carbon-coated nanoparticles through carbonization. The
SiOx/C composite exhibited high specific capacity, rate
capability and good cycling lifetime in lithium ion batteries.

Results and discussion
Structure and composition of 5R5-silica

The silicification of genetically modified E. coli was prepared by
sequential facile processes (Fig. S1, ESIt). The rod-shaped
structure of mineralized samples (denoted as 5R5-silica) was
retained after incubation at 37 °C for 48 hours (Fig. 1a). The
rough surface indicated the deposition of silica nanoparticles
(Fig. 1b). The silicon species in 5R5-silica were analyzed using
cross polarization 2°Si MAS NMR (Fig. 1c and Fig. S2, ESIt). By
the deconvolution of 2°Si CP-MAS spectrum, three Q species
(Q2, Q3, Q4) were observed at -90.9, -101.4 and -112 ppm,
respectively.3* The ratio of Q4/Q3/Q2 was 1:1.16:0.17,
indicating the high degree of silica condensation. The
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coexistence of biomolecules and silica was demonstrated by the
FTIR spectra (Fig. S3, ESIT). The two bands at 1658 cm™ and 1540
cm! were assigned to the characteristics of amide | and Il bands
of biomolecules in E. coli, respectively. Another two peaks at
468 cm™ and 799 cm™ were corresponded to the symmetrical
stretching vibration of Si-O and bending vibration of Si-OH,
respectively. The sharp band at 1102 cm™ was ascribed to
asymmetrical stretching vibration of Si-O-Si,3> implying the
formation of silica through the hydrolysis and condensation of
TEOS.

In order to clearly identify the distribution of 5R5 protein and
silica on the surface of 5R5-silica, photo-induced force micro-
scope (PiFM) was employed. PiFM is an imaging technique that
combines AFM tip with the spectroscopic sensitivity provided
by photo-induced polarization of sample.3%37 The peak at 1200
cm? resulted from C-N stretching vibration of primary amine
groups of R5 peptide and was not found in the bare E. coli (Fig.
S4, ESIt). Therefore, PiFM imaging was carried out using 1100
cm to highlight the silica and 1200 cm™ to highlight the 5R5
protein (Fig. 1d1-d4). The blue spectrum, on the feature in the
topography, showed a broad peak between 1000 and 1150 cm~
1, which was similar to that of silica (Fig. 1e). The green spectrum
showed a similar broad peak. However, it also showed a
prominent peak at 1200 cm™. Therefore, this spectrum had
contributions from both the silica and 5R5 protein. The
combined PiFM image overlaid on the 3D topography suggested
that the image taken at 1200 cm (red), which was an
absorption peak of 5R5 protein, predominantly highlighted the
edges of the features in the topography (Fig. S5, ESIt). The
features were highlighted by the PiFM image taken at 1100 cm™
(green), which was a region of high absorption for silica. The line
traces confirmed that the absorption signals at 1200 cm
correlate to the interfaces between features on the topography
(Fig. 1f-g). The location of protein on surface may facilitate the
continuous silicification through interacting with surrounding
TEOS.

No significant changes of the shape and diameter of rods were
detected after incubation at 80 °C (Fig. S6a-c, ESIt). The
nanoparticles were gradually observed on the surface of rods
(Fig. S6d-f, ESIT). It may be ascribed to the extraction or
dissolution of organic matrices in bacteria (Fig. S7, ESIt). The
amorphous phase of silica was evidenced by means of XRD (Fig.
S8a, ESIt). With increasing reaction time at 80 °C, the mass loss
in mineralized samples were not much different (Fig. S8b, ESIt),
and the coexistence of biomolecules and silica was also
observed (Fig. S8c, ESIt). In contrast, no deposited precursor
was observed on the surface of wild type cell (Fig. S9, ESIT).
These results supported that 5R5 protein plays important roles
in the formation of rod-shaped amorphous silica.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Structure and composition of 5R5-silica. (a, b) SEM image. (c) 2°Si CP-MAS NMR spectrum. (d1) AFM topographic image,
PiFM image at (d2) 1100 cm and (d3) 1200 cm™?, (d4) combined signal (color) overlaid on topography. (e) PiFM spectra of the

points in (d1). (f) The line trace in (d1). (g) The line trace in (d3).

Silicification processes of genetically modified E. coli

The rigid rod structure indicated that the inner space of the rod-
shaped structures may also be filled by silica nanoparticles.
Otherwise, the structure would collapse after incubation at 80
°C. The silicified E. coli was sliced to explore the internal
structure with 16 hour intervals over two days. The original E.
coli showed rod structure with some curved shell, which was
ascribed to the external force during embedding and cutting
(Fig. 2a). The dark region in core may be the intracellular
components. After silicification for 16 hours, the core-shell
structure with rod-shape was distinctly observed in Fig. 2b. The
shell was composed of nanoparticles, and some nanoparticles
were dispersed inside the shell. With the increasing silicification
time, the inner space was gradually filled (Fig. 2c), and
transformed to a solid structure (Fig. 2d). The whole formation
process is displayed in Fig. 2e. The genetically engineered cell
surface, anchored by 5R5 protein, may induce the hydrolysis
and condensation of TEOS through the catalytic effects of lysine
group.3® The silica would deposit on the surface and destroy the
selective permeability of cell membrane. Afterwards, the TEOS
molecules would gradually penetrate the cell membrane, and
transform to silica in the inner space under the effects of
intracellular 5R5 protein, which are not transported to the outer
membrane timely (Fig. S10, ESIT).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 The formation process of rod-shaped silica. Microtome
TEM images of silicified E. coliat 37 °Cfor (a) O h, (b) 16 h, (c) 32
h, (d) 48 h. Insets in (a-d) are the isolated transverse section of
silicified E. coli. (e) Schematic of the biosilicification process of
genetically engineered E. coli.

Interfacial interaction between silaffin-derived protein and silica

To explore the detailed interfacial interactions of 5R5 on the
surface of E. coli for the formation of rod-structure, it was
prudent to perform DFT-based simulation to gain useful insights
to guide the silica synthesis. We constructed a large interface
model using ab initio molecular dynamic (AIMD) to simulate the

J. Name., 2013, 00, 1-3 | 3
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interactions between R5 peptides and functionalized silica
surfaces. The function of R5 was similar to 5R5, although it
showed a slightly less capability of mineral-forming activity (Fig.
S11, ESIT). The investigation of R5 in the DFT model cannot only
represent the main characteristic of 5R5, but also decrease the
complexity of simulations.

The model contained 885 atoms with periodic boundary
condition for TEOS and R5 protein solvated with 50 water
molecules (Fig. S12-S14, ESIT). The upper surface was saturated
through CH,-CH; to mimic the TEOS surface and the lower
surface was pacified with H-atoms. For the hydration effects,
we added 50 water molecules around the R5 peptide. We then
constructed an initial TEOS+R5 complex model by putting R5
peptide near the lower part of the TEOS surface. After sufficient
simulation time (~5 ps) for equilibrium calibration, the initial
and final structures of this model are depicted in Fig. 3a-b and
corresponding R5 peptide conformations are shown in Fig. 3c-
d. DFT simulation demonstrated that there was a large
conformation change of R5. It was clear that R5 prefers to move
away from the initial surface that were terminated by Si-O-CH,-
CH; functional group and was attracted to the surface
terminated with Si-OH group on the opposite side of the bulk
SiOx slab through periodicity of the model (Fig. 3b).

The model was fully optimized using AIMD and calculated its
electronic properties (Fig. S15, ESIt). The calculated partial
charge (PC) of the 19 individual residues in R5 are displayed in
color code on the solvent excluded surface of R5 peptide (Fig.
4a). The most positively charged residue was Argl7 (+0.7628e¢)
and the most negatively charged residue was Serl (-0.1158e).
The total PC for R5 peptide was +2.065e. The total PC for TEOS
was -2.0772e, so significant electrostatic attraction between
TEOS and R5 mediated by water molecules was expected, and
the interfacial amino acid was positively charged (Lys4, Argl6,
Argl7). The calculated bond order (BO) vs the bond length (BL)
for all interatomic pairs in the TEOS+R5 model is shown in Fig.
S16. They consisted of strong covalent bonds and weaker but
ubiquitous hydrogen bonds separate by bond order value of less
than 0.1. We specifically identified those HBs between Si-O-R5,
Si-O-water and water-R5 (Fig. 4b). It indicated that the HBs
between water and R5 were the strongest and those between
Si-OH-R5 were the weakest. R5 preferably attracted to the
surface terminated with Si-OH group through Argl6 (O---H),
Argl7 (O---H and N---H) and Leul9 (O---H) residues (Fig. 4c).
These interactions synergistically contributed the conformation
change of protein during silica formation.

4| J. Name., 2012, 00, 1-3

Fig. 3 The structure model of TEOS and R5 complex. (a) Initial
structure of the model with periodic repetition in z direction. (b)
The final relaxed structure of the model after ~5ps AIMD steps
using NPT ensemble with two interfaces between TEOS and R5.
(c) The initial conformation of R5 peptide and (d) the final
conformation of R5 peptide. The 19 amino acid sequence in R5
(Ser-Ser-Lys-Lys-Ser-Gly-Ser-Tyr-Ser-Gly-Ser-Lys-Gly-Ser-Lys-
Arg-Arg-lle-Leu) are marked.

In the AIMD simulation, the water molecules were found to be
extremely mobile and participating in dissociation as well as
interfacial bonding with the protein. Detailed inspection of Fig.
4c showed signs of dissociation of H,0 molecules with
concomitant formation of hydrogen bonds. Based on the
simulations, we deduced that the enzymatic activity of 5R5
results from the interactions between water and lysine.3%4° The
hydroxyl oxygen would nucleophilic attack the silicon center in
TEOS, promoting the generation of Si-OH via hydrolysis.**2 The
Si-O-Si network was formed through the dehydration
interaction between Si-OH. The result was evidenced in an
anhydrous system, where no silica deposition on the surface of
cell could be observed (Fig. S17, ESIt). Though the direct
evidence of catalytic reaction between R5 and TEOS was not
verified by DFT, it provided a detailed and efficient information
on interactions at the interfaces at atomic scale during
biosilicification. We deduced that the genetically engineered
cell membrane, anchored by 5R5 protein, may attract the TEOS
molecules through electrostatic interactions and induce the
hydrolysis and condensation of TEOS through the catalytic
effects of lysine group.*3** Therefore, we assume that the C-
terminal of the proteins would bind on the formed silica
nanoparticles, while the N-terminal would interact with
surrounding TEOS. Furthermore, the products would gradually
deposit on the surface to form a rigid shell and TEOS molecules
gradually penetrate the cell membrane, and transform to silica
in the inner space under the effects of intracellular 5R5 protein
(Fig. 2e). Finally, the solid rod-shaped silica was synthesized,
and it could be transformed into monodisperse SiO, nanorods
with novel structures.

This journal is © The Royal Society of Chemistry 20xx
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Structure of SiOx/C nanorods

After calcination at 800 °C in air, SiOx nanorods composed of
nanoparticles with a mean diameter of 10 nm were obtained
(Fig. 5a and Fig. S18a-c, ESIt). In comparison with the precursor-
coated cells, slight shrinkage due to the
decomposition of biomolecules. From nitrogen adsorption-

there was

desorption isotherm, a representative type IV curve with a high
relative pressure (P/Py) between 0.8 to 1.0 indicated the
mesoporous structures (Fig. S18d, ESIt). The pore size was
mainly around 8 nm based on BJH model (Fig. S18e, ESIt). The
specific surface area of 182 m? g* was calculated by the BET
method, the linear approximation of BET analysis was shown in
(Fig. S18f, ESIT). The microtome TEM images indicated the
coherent porous structure throughout the nanorods (Fig. 5b-c).
The particle size between the interior and exterior region was
identical from the central region of a transverse section (Fig. 5c).
In contrast, the rod structure collapsed in wild type cells after
heat treatment (Fig. S19, ESIT).

Through carbonization in inert atmosphere, the rod-shape of
carbon-coated SiOx (SiOx/C) was preserved (Fig. S20, ESIT).
There were no significant changes of the particle size between
SiOx and SiOx/C (Fig. 5d). Both samples exhibited non-
crystalline characteristics in XRD patterns, and the impurity
phase or characteristic band of SiC was not observed in SiOx/C
(Fig. S21a-b, ESIt). The SiOx nanoparticles were coated by an

This journal is © The Royal Society of Chemistry 20xx

amorphous carbon layer (Fig. 5e). EDS mapping confirmed the
uniform distribution of Si, O, C and N elements (Fig. 5f). The
carbon content in the SiOx/C sample was about 26 wt%,
evaluated by thermogravimetric analysis (Fig. S21c, ESIt). The
Raman spectra of SiOx/C exhibited two characteristic peaks at
1350 cm™ and 1580 cm™?, corresponding to the disorder D-band
and graphitic G-band of carbon, respectively (Fig. S21d, ESIT).4>
It was reasonable that the C and N elements were both
originating from organic matrices in E. coli. The high-resolution
C 1s core level spectrum showed three component peaks at
284.2 eV, 285.4 eV and 286.2 eV, corresponding to C-C, C-N and
C-O groups, respectively (Fig. 5g and Fig. S22, ESIt).*¢ The high-
resolution N 1s spectrum exhibited two distinct peaks, pyridinic
N at 398.0 eV and pyrrolic N at 400.3 eV (Fig. 5h).*”48 The
absence of graphitic N in carbon coating indicated that the
nitrogen atoms all occupied the defect sites with dangled
electron pairs in carbon.*® The N element was absent in SiOx
samples, which confirmed the incorporation of N atoms into
carbon coating. The BET surface area of SiOx/C was determined
as 220 m2 g1, and the type IV curves meant the mesoporous
structure (Fig. 5i) and the pore size in SiOx/C was distributed at
7 nm, slightly smaller than that of SiOx (Fig. S18e, ESIT). This was
due to the presence of carbon coating filling the gap between
nanoparticles.

J. Name., 2013, 00, 1-3 | 5
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Lithium storage of nanostructured SiOx/C SiOx/C was demonstrated through post-mortem after 100
cycles at 1 A g1, which determined its high reversible capacity
and rate capability (Fig. S23, ESIt).

Due to the unique structure of SiOx/C, its electrochemical
performance was investigated by using it as anode for lithium-
ion batteries. In the first lithiation process, the sharp peak near
0 V was ascribed to the formation of LixSi due to the alloying
reaction between Si and lithium (Fig. 6a). The broad peak at
about 0.65 V corresponded to the decomposition of electrolyte
and the formation of solid electrolyte interface (SEl) layers.>0 In
the following cycles, the CV curves were almost overlapping,
signifying the well reversible stability of SiOx/C electrode. The
rate capability of SiOx-based anodes was investigated by
increasing the current rates from 0.1 to 5 A g (Fig. 6b). The
discharge capacities of SiOx/C are 994.9, 943.7, 797.2, 663.2,
544.5, and 416.1 mA h g at each rates, were higher than those
of SiOx and commercial silica (Com-SiO;). After being cycled at
high rate of 5 A g1, the SiOx/C anode could recover to 675.6
mAh g1 at 1 A g1. The cycling behavior of these electrodes at
the current rate of 1 A g'* was carried out after undergoing rate
cycles. The specific capacity of SiOx/C was determined to be
791.7 mAh g after 100 cycles. The structure robustness of

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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The structural advantage of SiOx/C was also confirmed by the
long-life cycles at higher current rates. SiOx/C electrode showed
a slight rising trend of capacity, and delivered a discharge
capacity of 975.8 mA h g? after 500 cycles at a current rate of
0.5 A g (Figure 6c). The slight uprising capacity of SiOx/C
nanorods may result from the enhanced accessibility of Li* ions
in SiOx/C anode, and increased the lithium accommodation
behavior (Fig. S24, ESItT).>%52 The SiOx/C electrode also
delivered discharge capacities of 653.2, 284.5 and 205.5 mA h
g! after 500 cycles at 2, 5 and 10 A g, respectively (Fig. S25,
ESIT). To the best of our knowledge, the comprehensive
electrochemical performance of SiOx/C electrode was one of
the best among those SiO,-based materials (Table S1). The
intrinsic difference of the transportation of Li* ions and
electrons was analyzed with electrochemical impedance
spectroscopy (EIS) (Fig. 6d).°3 The equivalent circuit was
presented in Figure 6d inset. Based on the fitting data, the Li*
apparent diffusion coefficient (D;,)** in SiOx/C electrode was
increased to 3.38 folds higher than that of the SiOx electrode
(Fig. S26, ESIT). The excellent electrochemical performance of
SiOx/C was ascribed to its unique structure, including rod-
shaped structure assembled by nanoparticles, a coherent
mesoporous structure and N-doped carbon coating. The
nanosized particles shorten the transportation path of Li* ions,
which increased the lithium storage capacity compared with the
bulk electrode. In addition, the porosity structure provides
abundant channels for Li* ions diffusion, and maintains the
structural stability through accommodating the volume
variations during lithiation-delithiation processes. The highly
efficient transport of electrons and Li* ions is realized through

This journal is © The Royal Society of Chemistry 20xx

the N-doped carbon coating on nanoparticles, which is vital for
improving the rate capability under high current rates.

Conclusions

In summary, we adopted a biotemplating principle by displaying
5R5 proteins on the surface of E. coli for specific interactions
with a silicification precursor. The genetically modified E. coli
provided a three-dimensional template to regulate the
synthesis of monodisperse rod-shaped silica by employing the
catalytic effect of 5R5 proteins. Silica was synthesized around
cells and gradually filled the inner space. DFT simulations
revealed partial charge distributions, hydrogen bonds and
solvent effects in the interfacial region between the R5 peptides
and the silicon sources. Since the Lys4 amino residue in the N-
terminal is expected to be close to TEOS through electrostatic
interactions, they may provide the catalytic site for the
hydrolysis of TEOS. R5 peptides preferably attract silica
precursors with hydrogen bonds between Argl6, Argl7 and
Leul9 residues to form the rod-shaped structures. After
carbonization, the SiOx/C exhibited unique
characteristics including nanoparticles, mesoporous structures
and carbon coating. It showed excellent lithium storage
performance through accelerating Li* ion and electron diffusion

nanorods

and maintained structural stability, and delivered a specific
capacity of 975.8 mA h g after 500 cycles at a current rate of
0.5 A gl. By this approach, we could demonstrate that
understanding and utilizing interfacial interactions between
biomolecules and forming-minerals is a prerequisite to facilitate
bioprocess-inspired synthesis of novel monodisperse structures
with advanced functionality.
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Experimental Section

Genetic modification of E. coli and 5R5 protein expression. The
bacterial cell-surface display operation was performed similar
as previously shown.3® The plasmid vector of pET28a(+)
(Novagen, Germany) with kana resistance was chose. The
recombinant protein 5R5 was genetically constructed and
displayed on the surface through the function of carrier
proteins, ice nucleation proteins (INP) (Fig. S1, ESIT). The
expression procedure of 5R5 was performed in accordance with
the pET System Manual (Novagen, Germany). R5 peptides with
over 95 % purity were purchased from Shanghai Science Peptide
Biological Technology Co., Itd.

Silicification on the surface of E. coli. After protein expression,
E. coli cells with 5R5 on surface were collected through
centrifugation and re-suspended in 10 mL of deionized water
(pH=7), followed by the addition of 2 mL of tetraethyl
orthosilicate (TEOS, Sinopharm, China). The mixture was then
incubated at 37 °C with gentle shaking for 48 hours. After
washing and resuspension in 10 mL of deionized water, cells
were subjected to mineralization at 80 °C for various hours (24
h, 32 h, 40 h). The mineralized sample was collected and dried
in a lyophilizer. The wild type E. coli or E. coli with INP modified
surface served as control groups.

Synthesis SiOx and SiOx/C nanorods. The mineralized samples
were annealed in a muffle furnace and tubular furnace at 800
°C for 2 hours at a heating rate of 2 °C min to 350 °C and 4 °C
min! to 800 °C in air or Ar, respectively.

Characterization of SiOx/C nanorods. X-ray diffraction (XRD)
patterns were obtained by using Bruker D8 Advance
diffractometer with Cu Ka radiation (V =40 kV, | =40 mA) in the
range of a diffraction angle of 20-80°. Surface morphology
information was revealed by field emission scanning electron
microscopy (FESEM) in a Hitachi S-4800 at 5 kV. The silicon
species in mineralized products were recorded on a Bruker
Avance Il 500WB (11.75 T) spectrometer with a commercial
double resonance MAS probe at Larmor frequency of 99.34
MHz for 2°Si. Solid-state 2°Si CPMAS spectrum of products was
recorded using 11362 scans with a recycle delay of 1 s. High
power decoupling 2°Si spectrum was recorded using 2104 scans
with a recycle delay of 30 s. Photo-induced force microscopy
(PiFM, VistaScope, Molecular Vista), combining AFM tip and a
tunable infrared laser to induce a dipole for chemical imaging,
was used to probe the distribution of different species on the
surface of bacteria. The IR sources were tuned to 1100 cm™ and
1200 cm™. Thermogravimetric (TG) analysis was performed in a
Netzsch STA449F3 device at a heating rate of 10 °C min from
40 °C to 1000 °C. High resolution transmission electron
microscopy (HRTEM) examination was carried out with a JEOL
JEM 2100F at 200 kV equipped with an energy-dispersive
spectroscopy (EDS) detector. In order to analyze the inner
structure of nanorods, the samples were embedded in epoxy
resin at 37 °C. Ultrathin sections were prepared by
ultramicrotome in Leica EMUC7, followed by imaging with
HRTEM. Specific surface area was determined in an ASAP
2020M adsorption apparatus using the Brunauer-Emmet-Teller
(BET) method. The Raman spectrum was obtained in a Renishaw
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InVia Raman spectrometer with excitation by Nd:YAG laser
operating at 785 nm. The composition of mineralized samples
was evaluated with Fourier Transform infrared spectroscopy
(FTIR) using a ThermoScientific Nicolet 6700 from 4000 to 400
cm, at a resolution of 4 cm™ with 32 scans. X-ray photoelectron
spectroscopy (XPS) measurement was conducted by using a
ThermoFisher Escalab250Xi.

Electrochemical measurements. The electrochemical
performance of SiOx/C was carried out in a CR2025-type coin
cell with lithium metal foil as the counter electrode. The
working electrode was prepared by mixing the active materials
with Super P carbon black, polyvinylidene fluoride in a weight
ratio of 7:2:1 in N-methyl-2-pyrrolidone (NMP, Aladdin, China)
solution. The resultant slurry was pasted onto a copper foil and
dried in a vacuum oven at 120 °C for 24 hours. The mass loading
of active materials was about 1.0 mg cm2in each electrode. The
coin cells were assembled in an Ar-filled glove box with the
concentrations of moisture and oxygen below 1 ppm. The
electrolyte was 1 M lithium hexafluorophosphate in ethylene
carbonate (EC)/diethyl carbonate (DEC) (1:1 v/v), and the
separator was Celgard polypropylene. The galvanostatic
charge/discharge experiments were carried on using a LAND
battery tester CT2001A with a voltage window of 0.01-3 V (vs.
Li*/Li) at various current densities. Cyclic voltammetric (CV) test
was performed in an electrochemical workstation with 0.01-3 V
(vs. Li*/Li) at a scanning rate of 0.5 mV s1. The electrochemical
impedance spectroscopy (EIS) analysis was conducted using
Autolab PGSTAT 302N equipment with the frequency range
from 100 kHz to 0.01 Hz.

Theory and modelling section: methods used. We employed
two ab initio quantum mechanical DFT methods to study the
structural and electronic properties of the TEOS+R5 model. One
was Vienna ab initio simulation package (VASP)*°> and the other
was the in-house developed all electron orthogonal linear
combination of atomic orbitals (OLCAO) method.>® VASP was
used for structural relaxation and AIMD. In the present study,
we used the projector augmented wave (PWA) method with the
Perdue-Burke-Ernzerhof (PBE) potential for exchange
correlation functional within the generalized gradient
approximation (GGA). For electronic relaxation, a relatively high
energy cutoff of 600 eV was adopted with the electronic
convergence criterion set at 10 eV. For each ionic relaxation
step, the force convergence criteria were set to be at 103 eV/A.
Since a large periodic supercell was used, a single k-point
calculation at zone center was sufficient. The OLCAO method
was used to calculate the electronic structure and interatomic
bonding. It was extremely efficient and versatile for large
complex systems due to the flexible choice of the basis set. In
the present calculation, a full basis (FB), which consisted of the
core orbitals, occupied valence orbitals, and the next empty
shell of unoccupied orbitals for each atom, was used for the
determination of the self-consistent potential and the minimal
basis (MB) was used for interatomic bonding calculation.
Model construction. We started the modelling of TEOS-R5 from
the 162-atoms of a-SiO, model.” This was a very unique
periodic model since it contained no under- or over-
coordinated Si or O atoms, making it an ideals continuous

This journal is © The Royal Society of Chemistry 20xx
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random network structure for a-SiO,. Firstly, we constructed
3*1*1 supercell (Fig. S12, ESIT) and chopped it at the center
along y-axis. After chopping, there were many dangling bonds
of O-atoms on both lower and upper surface. The upper surface
was saturated through CH,-CH;3 to mimic the TEOS surface and
the lower surface was pacified with H-atoms. This construction
enabled us to construct a 3D simulation box with periodic
boundary condition containing a reasonable number of atoms
for ab initio molecular dynamic (AIMD) simulation. The amino
acids sequence of R5 peptide was taken from Ref. 17 and the
initial conformation of protein was determined by PEP-FOLD
Server®® as shown in Fig. S13. For the hydration effects, we
added 50 water molecules around the R5 peptides. We then
constructed an initial TEOS+R5 complex model by putting R5
peptides near the lower part of the TEOS surface (Fig. S14, ESIt).
The entire simulation box contained a total of 885 atoms, an
unprecedented size for AIMD simulations.

We used AIMD as implemented in VASP in the NPT ensemble
(fixed volume and atoms) with sufficient simulation time (~5ps)
for equilibrium calibration. The initial and final structures were
shown in Fig. 3a and 3b with doubled cell in the c direction to
better depict the interfacial structure. The final interfacial
structure between R5 protein and functionalized SiOx surface at
T=310 K was determined (Fig. 3b). It showed a large
deformation of the protein with amino acids sequence from the
initial structure (Fig. 3c-d). Detailed inspection of Figure 3b
showed signs of dissociation of H,O molecules with
concomitant formation of hydrogen bonds (HBs). It was also
clear that the protein preferred to move away from the initial
surface that were terminated by Si-O-CH,-CH; functional group
and was attracted to the surface terminated with Si-O-H group
on the opposite side of the initial bulk SiOx slab through
periodicity of the model (Fig. 3b).

Insights from DFT. The main insights obtained from the
exploratory DFT simulation was the preference of the
interactions of R5 protein with TEOS-surface-functionalized
with Si-OH groups over the CH,-CHz groups through water
molecules. The fully relaxed structure of the final interfacial
model from NPT at 310K was used as input to investigate the
electronic structure and bonding. The electronic structure and
inter atomic bonding of the final TEOS-R5 models was
summarized in Fig. S15 and S16, respectively. Since the role of
DFT simulation was to provide sufficient insights for
experimental synthesis and characterization of the final
product, the extraneous details of these results were not
included. Fig. S15 shows the calculated electronic structure in
the form of density of states (DOS) and partial DOS (PDOS) for
the three components of the TEOS+R5 model, water molecules,
R5-peptide and TEOS. It showed that the structure was an
insulator with a band gap of about 3.6 eV and the presence of
an occupied defect like state from TEOS at 0.0 eV. The
calculated bond order (BO) vs. the bond length (BL) for all
interatomic pairs in the TEOS+R5 model is shown in Fig. S16.
More detailed analysis showed evidence of ionic dissociation at
the interface after AIMD simulation, which is represented in Fig.
4c.

This journal is © The Royal Society of Chemistry 20xx
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