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ion in crystalline SiO2 during
mechanical amorphization under frictional shear†

Jin Jung Kweon, a Hoon Khim,a Yong-Hyun Kim a and Sung Keun Lee *ab

Mechanical milling increases structural disorder in crystalline materials, often resulting in a milling-induced

amorphous phase. Prototypical SiO2 crystals under mechanical shear duringmilling produce an amorphous

phase that has potential for a wide range of applications, from battery anodes to catalyst substrates. Despite

its importance, the extent of mechanical amorphization, the mechanochemical reactions, and atomic

structure of amorphous materials formed via mechanical deformation remain elusive, because of the

lack of experimental probes. Here, multinuclear solid-state nuclear magnetic resonance (NMR) allowed

us to uncover the nature of the amorphization of crystalline SiO2 produced by mechanical milling. The

extensive NMR results reveal the milling-induced network depolymerization, hydroxylation, and

topological contraction in SiO2 networks during amorphization. In particular, extreme friction activates

chemical interactions among the materials, forming extrinsic chemical bonds via mechanical chemical

reactions during deformation under amorphization of SiO2, indicating that the amorphous phase is not

compositionally pure. The current findings with the extrinsic bonds may account for the anomalous

increase in the storage capacity of amorphous materials formed by intense milling. The results establish

the first quantitative kinetic model of a friction-induced increase in an amorphous SiO2 complex by

a dynamic milling process, identifying the threshold milling rate and duration for the formation of

amorphous products. The current results provide predictive and practical guidelines for controlling

amorphization through mechanical shear, shedding light on novel synthetic routes to diverse amorphous

materials.
1. Introduction

SiO2 is a prototypical oxide with critical importance in
condensed matter physics,1 materials chemistry,2–4 and
geosciences,5–7 and it has also been used as a potential Li-ion
battery anode,8 catalyst substrate,9,10 and drug delivery
system.11,12 Its amorphous analog (a-SiO2) can be produced by
quenching molten SiO2, or via chemical routes (e.g., sol–gel
synthesis or vapor deposition) and electron beam irradiation.13

The high melting temperature of SiO2 poses a challenge for the
efficient production of a-SiO2 by melt quenching, and conven-
tional synthesis methods may not be feasible for the production
of water-free a-SiO2 nanoparticles with desirable physical
properties.

The mechanical deformation of SiO2 crystals (c-SiO2) can be
an effective a-SiO2 synthesis technique,14,15 overcoming the
challenges associated with the synthesis of a-SiO2 because
arth and Planetary Materials, School of

ational University, Seoul 08826, Korea.
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ural Sciences, Seoul National University,
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amorphization via mechanical deformation can produce
amorphous structures at room temperature (i.e., high temper-
atures above the melting point for glass synthesis); the defor-
mation of crystalline materials by milling can lead to the
destruction of crystalline periodicity and formation of disor-
dered atomic congurations. Mechanical energy can be applied
by rapidly shaking or rotating the materials in the presence of
hard balls in a closed bowl (i.e., ball milling). The ball-milling
process reduces the particle size by grinding the powders,
thereby increasing the surface area.16 Extensive mechanical
milling can amorphize condensed matters (i.e., mechanical
amorphization), enabling the synthesis of amorphous materials
that are difficult to prepare via conventional methods (e.g., melt
quenching). Hazardous or expensive solvents that are typically
required for the chemical synthesis of amorphous materials
(e.g., sol–gel synthesis) may not be necessary for mechanical
amorphization via milling, leading to the eco-friendly synthesis
of novel amorphous materials. Additionally, mechanosynthesis
has recently garnered attention as a viable method for material
synthesis,17 including techniques that involve mechanochem-
istry,18,19 nanocomposites,20–22 isotopic labelling,23,24 multicom-
ponent oxides,25 mechanocatalysis,26 and room-temperature
thermochemical water splitting.27 Specically, ball-milled SiO2

phases and composite systems have recently been used in Li-ion
This journal is © The Royal Society of Chemistry 2025
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battery anode materials,28–30 where the amorphous phase of this
SiO2-based material demonstrated superior electrode material
performance; however, the detailed atomistic origin remains
unknown.

The mechanical energy from ball milling may also activate
chemical reactions by forming defects. During ball milling, the
milling media (e.g., grinding balls and containers) or atmo-
spheric components (e.g., ambient moisture, oxygen, and
nitrogen) can potentially interact with materials, affecting their
structures and properties.31,32 Thus, understanding the nature
of such interactions is the key to designing mechanosynthetic
routes. In particular, the structural characteristics of milling
products and formation of milling-induced chemical bonds
inuence their macroscopic properties. Therefore, the desired
functional properties can be optimized by controlling these
structural parameters.33,34 Furthermore, information on the
deformation and amorphization of c-SiO2 during mechanical
milling can provide insight into earthquake rupture and slip
weakening.5,6,35

Despite its importance and prospects in materials chemistry,
condensed matter physics, and geosciences, the detailed nature
of mechanical amorphization (e.g., the degree of mechanical
amorphization under varying deformation conditions and/or
structures of amorphous materials synthesized via mechanical
milling) remains unknown. This is because of the limitations of
conventional experimental techniques such as X-ray scattering
in the quantication of the fractions of amorphous phase and
crystalline components, as well as in the probing of amorphous
structures. Challenges arise from the complex chemical inter-
actions of the materials with the surrounding moisture and/or
milling media, which form extrinsic and intrinsic chemical
bonds and contribute to the structural complexity of amor-
phous materials produced via mechanical milling. Quantitative
information on the extent of mechanical amorphization and
structural evolution, and proper identication of chemical
bonds in ball-milled non-crystalline oxides, including a-SiO2,
remain to be explored.29,32

Solid-state nuclear magnetic resonance (NMR) is an ideal
element-specic method for analyzing structural changes in
mechanically deformed crystalline SiO2 and its amorphization
(see, e.g., ref. 36–39). Solid-state 1H magic-angle spinning (MAS)
NMR is useful for the analysis of hydrogen speciation and
quantication of hydrogen content (e.g., ref. 40–42 and the
references therein) and can thus effectively enable identica-
tion of the extent of potential hydration and hydroxylation
during the mechanical milling of SiO2.

29Si MAS NMR spec-
troscopy can quantify the structural changes in the SiO4

networks in a-SiO2, which are oen characterized by Qn speci-
ation (where n is the number of bridging oxygen atoms in the
SiO4 tetrahedra),37 thereby revealing the evolution of amor-
phous network structures in SiO2 during mechanical milling.43
1H–29Si heteronuclear correlation (HetCor) NMR enables the
identication of potential water incorporation into SiO2 under
extreme friction.37,44 Lastly, 17O NMR spectroscopy directly
probes the oxygen environment in amorphous oxides (e.g., ref.
38 and 45–48 and the references therein). This technique can be
used to explore the formation of novel oxygen environments
This journal is © The Royal Society of Chemistry 2025
during mechanical milling49 and evaluate the chemical inter-
actions between SiO2 and the milling media.

Here, we note that ‘amorphization’ during intense ball-
milling refers to a transition process that occurs along with
the loss of crystallinity in c-SiO2. This process can be probed
from the emergence of a broad diffraction peak and spectral
broadening oen observed unambiguously via high-resolution
solid-state NMR. During amorphization under intense
milling, the particle size could decrease, which may activate
surface reactions. This could alter the chemical composition of
the starting crystals. High-resolution spectroscopic techniques
are necessary to understand the detailed nature of these inter-
actions and for the identication of the species in the amor-
phous phases formed by milling of c-SiO2 (hereaer, we refer to
the ‘a-SiO2 product formed via intense ball-milling’ as ‘milled
amorphous silica product’. The phase should consist of
a chemical component (such as hydrogen) added during
milling-induced frictional amorphization). In the current study,
we employed multinuclear 1H, 17O, and 29Si MAS NMR spec-
troscopy to quantitatively evaluate the structural changes in
crystalline SiO2 and the milled amorphous silica product via
rapid frictional shear. Although the quantication of mechan-
ical amorphization has been challenging, our study constitutes
the rst study to yield quantitative information on the degree of
mechanical amorphization (i.e., fractions of the milled amor-
phous silica product) at varying milling speeds and durations.
Notably, we also discuss how experimental breakthroughs and
conceptual advancements in mechanical amorphization in SiO2

can lead to more effective optimization of the material synthesis
routes for diverse non-crystalline oxides during milling, as well
as other relevant processes during frictional slip.

2. Experimental
2.1. Sample preparation

Quartz (SiO2) powder ($99.995% trace metal basis, a few
hundred mm in size on average) purchased from Sigma-Aldrich
was deformed via milling at 200, 400, 600, and 800 rpm (revo-
lutions per minute) under a milling duration of 5 h using
a planetary ball mill machine (FRITSCH Pulverisette 7 premium
line, Seoul National University). The crystalline SiO2 powder
(∼600 mg) was loaded into a 20 mL ZrO2 bowl with 24 ZrO2 balls
(diameter: 5 mm; total: ∼9 g). Ball-milled SiO2 with varying
milling durations at 800 rpm was prepared by using a 20 mL
ZrO2 bowl with ve ZrO2 balls (8 mm in diameter). The SiO2

powder was dried in a furnace at 300 °C for more than 12 h. The
dried SiO2 powder (of 200 mg) was ball-milled. The ball-to-
powder weight ratio (BPR) was approximately 40 : 1. Ball
milling was performed for 10 min and then rested for 10 min to
minimize heating. Ball milling was performed at milling dura-
tions of 10, 20, 30, 60, 120, and 180 min at 800 rpm. To observe
the oxygen bonding congurations via 17O MAS NMR, ∼100 mg
of 17O-enriched (40%) amorphous SiO2 (ref. 50) was ball-milled
by applying a 20 mL ZrO2 bowl, ve ZrO2 balls (8 mm in
diameter; BPR of ∼80 : 1), and a milling speed of 800 rpm for 15
and 60 min. We also synthesized 40% 17O-enriched crystalline
SiO2 from melting at 1500 °C for 2 h using 40% 17O-enriched
J. Mater. Chem. A, 2025, 13, 22672–22684 | 22673
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amorphous SiO2, which resulted in forming the crystalline SiO2

(cristobalite) phase. Then, ∼90 mg of 17O-enriched (40%) c-SiO2

(cristobalite) was ball-milled by applying a 20 mL ZrO2 bowl, ve
ZrO2 balls (8 mm in diameter; BPR of ∼90 : 1), and a milling
speed of 800 rpm for 15 and 60 min. We note that 17O-enriched
a-SiO2 of ∼100 mg and 17O-enriched c-SiO2 (cristobalite) of
∼90 mg were milled with milling durations of 15 and 60 min,
respectively.

2.2. XRD & high-resolution TEM

X-ray diffraction (XRD) experiments were performed by using
a Rigaku MiniFlex 600 with Cu Ka emission with a wavelength
of 1.5406 Å (Seoul National University). In continuous mode
with a scan speed of 2.5° min−1, we acquired the XRD pattern at
2q intervals of 0.02° from 5 to 90° at 40 kV and 15 mA. High-
resolution transmission electron microscopy (HRTEM) with
energy-dispersive X-ray spectroscopy (EDS) was used to examine
the morphologies and chemical composition of the SiO2 milled
in our planetary ball-milling system.

2.3. FT-IR spectroscopy

We collected the Fourier transform infrared (FT-IR) spectra for
the milled oxides using a TENSOR27 spectrometer (Seoul
National University) with a spectral resolution of 4 cm−1. The
spectral range spans from 400 to 4000 cm−1. The scans were
collected 32 times in attenuated total reectance mode by using
a mid-IR source. A diamond crystal plate was used to place a few
milligrams of each sample in the optical window.

2.4. NMR spectroscopy

A Varian 9.4 T (400 MHz) NMR spectrometer was used for
acquiring the 29Si MAS NMR spectra with a 29Si Larmor
frequency of 79.47 MHz (Seoul National University). A Doty 4
mm probe was used with a spinning speed of 11–12 kHz (12 kHz
for the milled SiO2 from 200 to 800 rpm for 5 h, and 11 kHz for
those deformed at a milling speed of 800 rpm with varying
milling durations ranging from 10 to 180 min). The 29Si MAS
NMR spectra were acquired using a ∼30° pulse (1.6 ms) with
varying recycle delays. 1HMAS NMR spectra at a spinning speed
of 20 kHz, 29Si MAS NMR spectra of 7 nm amorphous silica,
40% 17O-enriched a-SiO2 and 17O-enriched c-SiO2 (before and
aer milling at 800 rpm) at a spinning speed of 15 kHz (∼30°
pulse of 1 ms with a recycle delay of 10 s), and 1H–29Si Lee-
Goldburg cross-polarization HetCor NMR spectra with a contact
time of 3 ms and a rotor spinning rate of 15 kHz were recorded
on a Bruker 14.1 T (600 MHz) NMR spectrometer and a Bruker
3.2 mm probe (Seoul National University). Tetramethylsilane
(TMS) was the external standard for 29Si and 1H NMR chemical
shis. To ensure complete relaxation, 1H MAS NMR spectra
were collected with recycle delays exceeding 5 times spin-lattice
relaxation time (T1)51 (see ESI-1†). Long recycle delays of $30 s
with a 90° pulse (2.5 ms) were used for SiO2 deformed at 800 rpm
with varying milling durations. To obtain the 1H MAS NMR
spectra, the NMR signals of ball-milled SiO2 were subtracted
from the background spectrum of the empty rotor. Adamantane
(C10H16) was used as the standard to estimate the hydrogen
22674 | J. Mater. Chem. A, 2025, 13, 22672–22684
contents.52 17O MAS NMR spectra were recorded on a Bruker
14.1 T (600 MHz) NMR spectrometer with a 17O Larmor
frequency of 81.39 MHz and a Bruker 3.2 mm probe with a rotor
spinning speed of 20 kHz. 17O MAS NMR spectra were obtained
with a recycle delay of 1 s and a pulse length of ∼0.2 ms. Tap
water was used as the external standard. Here, we reported the
17O MAS NMR spectrum of 40% 17O-enriched amorphous SiO2

and also 40% 17O-enriched c-SiO2 (cristobalite). Because of the
low natural abundance of 17O (0.037%), currently, it is chal-
lenging to obtain the 17O NMR spectrum for natural abundance
a-SiO2. Note that ESI-1† describes the detailed spectroscopic
and synthesis conditions.

3. Results and discussion
3.1. Mechanical amorphization of SiO2 via mechanical
milling: XRD, TEM-EDS, and FT-IR analysis

3.1.1 XRD. Fig. 1a shows the XRD patterns of SiO2 under
mechanical shear with varying milling speeds up to 800 rpm.
The XRD patterns indicate a decrease in the peak intensities of
c-SiO2 above ∼400 rpm, with a signicant decrease at ∼27°
[(101) of quartz]. A broad feature spanning between 15° and 35°
emerged above ∼600 rpm, indicating the formation of the
milled amorphous silica product. Above ∼400 rpm, an addi-
tional peak was observed at ∼30°; it has been attributed to the
(111) peak of tetragonal ZrO2, conrming the occurrence of
ZrO2 media wear during milling. The intensity of the ZrO2 peak
(at ∼30°) increases with increasing milling speed, indicating an
increase in the attrition of the ZrO2 media at higher milling
speeds. Indeed, the measured weight losses of the ZrO2 balls
during the 5 h milling of 600 mg of SiO2 were ∼60 and ∼110 mg
at 600 and 800 rpm, respectively (see ref. 32 for more details).
Notably, increasing the milling time and speed resulted in
higher degrees of ball wear. Meanwhile, the absence of zircon
(ZrSiO4) in the XRD patterns indicates that the current ball-
milling did not provide sufficient energy to form such a crys-
talline compound, as the synthesis of zircon from its precursors
typically requires a high temperature of ∼1600 °C.53

3.1.2 TEM-EDS and FT-IR. Fig. 1b shows the TEM-EDS
results for the mechanically deformed SiO2 milled at 600 rpm.
The TEM-EDS results reveal ZrO2 particles of ∼100 nm in size
(circle in Fig. 1b(A)), conrming the wear of the milling media
during the mechanical deformation of SiO2. The EDS map of Zr
(Fig. 1b(E)) also conrms that Zr is well dispersed throughout
the milled amorphous silica product particles. The typical size
of unmilled c-SiO2 is a few hundred mm. The TEM images of
milled SiO2 at 600 rpm (Fig. 1b) and SEM images of milled SiO2

at 800 rpm reveal a particle size of ∼100–200 nm.32 The particle
size decreases and the surface area increases with increasing
milling speed. Fig. 1c presents the FT-IR spectra of SiO2 for
various milling speeds. The quartz peak and a shoulder peak
are, respectively, shown at ∼1080 and ∼1160 cm−1, which
correspond to the transverse and longitudinal optical modes for
the asymmetric Si–O–Si stretching vibration, respectively; the
peaks at ∼800 (labelled as A) and ∼700 cm−1 (B) correspond to
the symmetric Si–O stretching and Si–O–Si bending vibra-
tions.49,54,55 At a milling speed of ∼200 rpm, the IR feature at
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) X-ray diffraction patterns for milled SiO2 with varying milling
speeds for 5 h. The XRD pattern of the sample holder is also shown. (b)
TEM images for milled SiO2 with amilling speed of 600 rpm for 5 h (red
A and B) and EDSmapping for Si (red C), O (red D) and Zr elements (red
E). (c) FT-IR spectra for milled SiO2 with varying milling speeds for 5 h.
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∼1080 cm−1 red-shied to∼1040 cm−1, potentially owing to the
stress-induced deformation of c-SiO2; this may indicate
a decrease in the Si–O–Si bond angle during milling,56 partially
attributed to an increase in the fraction of three-membered
rings.57 We also observed the quartz peak intensities to
decrease with increasing milling speed, as well as the quartz
features broadening slightly, implying a deformation-induced
increase in the structural disorder in c-SiO2.

Above ∼400 rpm, we observe an additional feature at
∼950 cm−1, and its intensity increases with increasing milling
speed up to ∼800 rpm. This feature may be primarily attributable
to the Si–O–Zr bond,55,58,59 indicating a chemical reaction between
SiO2 and ZrO2 under the condition of milling above 400 rpm (see
ESI-2 and Fig. S1†). Although this feature could also be attributable
to Si–OH groups that can be expected at∼980 cm−1,60 the intensity
This journal is © The Royal Society of Chemistry 2025
of this feature did not decrease upon heating themilled SiO2 up to
700 °C (see ESI-2†), whichmay have removed all potential hydroxyl
groups.37 These results demonstrate that the amorphized SiO2 and
worn ZrO2 particles from the milling media interact to form new
chemical bonds during mechanical amorphization.
3.2. Deformation-induced change in network connectivity in
the milled amorphous silica product under frictional shear
and the interaction with milling media: 17O MAS NMR
spectroscopy results

Fig. 2 shows the 17O MAS NMR spectra of 17O-enriched a-SiO2

before and aer milling at 800 rpm. The dominant peak at ∼75
to ∼−25 ppm has been attributed to the Si–O–Si bonds, with an
additional contribution from the Si–OH groups, whereas the
features associated with Si–OH groups may not have fully
resolved from the Si–O–Si bonds24,49,61 (see also 1H MAS NMR
results below for further discussion on the effects of hydration).
The spectral width of the Si–O–Si peak increases with prolonged
milling duration (Fig. 2c), revealing an increase in the structural
disorder and the extent of deformation.48,62 The 17O NMR
spectrum of a-SiO2 subjected to mechanical shearing reveals
additional broad features at ∼100–230 ppm, and they are
attributable to Si–O–Zr bonds.49 Therefore, the 17O NMR results
provide direct evidence that the enhanced interactions between
ZrO2 and SiO2 during the intense milling-induced amorphiza-
tion process resulted in Si–O–Zr bond formation. Additionally,
the intensity of the Si–O–Zr peak increases with prolonged
milling duration, and the bond fraction of Si–O–Zr [i.e., (Si–O–
Zr)/(Si–O–Si + Si–O–Zr)] following 15 and 60 min of milling at
800 rpm are ∼4% and ∼9%, respectively (see Fig. S3†), con-
rming unequivocally that the degree of chemical interaction
increases with increasing milling duration and amorphization
(see ESI-4† for XRD, 1H and 29Si MAS NMR spectra).

The amorphous phase formed via an intense milling of crys-
talline SiO2 duringmechanical amorphization also consists of Si–
OH; as shown from the 1H and 29Si spectra (Fig. S5 and S6†), OH
is barely present in the 17O-enriched a-SiO2 before milling but is
produced duringmilling. The amount of OH is comparable to the
non-enriched SiO2. An earlier experimental study of 17O-labeled
silica24 revealed the formation of Si–OH under shorter milling
durations of 5 and 15 min using a mixer mill with a frequency of
25 Hz. The current study is consistent with the earlier study. In
addition to Si–OH, the current results reveal the formation of Si–
O–Zr in SiO2 under intense ball milling.

Fig. 2d shows the 17O MAS NMR spectra for 17O-enriched c-
SiO2 (cristobalite) with milling durations of 15 and 60 min at
800 rpm (see ESI-4† for 29Si MAS NMR spectra, XRD and 1HMAS
NMR results). The dominant peak with a typical quadrupolar
line shape at ∼50 to ∼−25 ppm of 17O-enriched c-SiO2 (cristo-
balite) before milling has been assigned to the single bridging
oxygen (BO) site from the Si–O–Si bonds.63,64 The crystalline
quadrupolar pattern for the Si–O–Si peak disappears and the
spectral width increases aer milling durations of 15 and
60 min. This conrms increases in the structural disorder and
amorphization of SiO2 cristobalite. The 17O NMR spectrum of
milled 17O-enriched c-SiO2 (cristobalite) also shows broad
J. Mater. Chem. A, 2025, 13, 22672–22684 | 22675
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Fig. 2 (a) 17O MAS NMR spectra with 17O-enriched a-SiO2 before and after milling at 800 rpm. The asterisks (*) indicate the spinning sidebands.
(b) 17O MAS NMR spectra of 17O-enriched a-SiO2 before and after milling of 60 min at 800 rpm. (c) Enlarged 17O MAS NMR spectra between
75 ppm and −75 ppm for 17O-enriched a-SiO2 before and after milling at 800 rpm. (d) 17O MAS NMR spectra with 17O-enriched c-SiO2 (cris-
tobalite) before and after milling at 800 rpm. The asterisks (*) indicate the spinning sidebands. (e) 17O MAS NMR spectra of 17O-enriched c-SiO2

(cristobalite) before and after milling of 60 min at 800 rpm. (f) 17O MAS NMR spectra of 17O-enriched c-SiO2 (cristobalite) and
17O-enriched a-

SiO2 after milling for 60 min at 800 rpm.
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features at∼100–230 ppm, which are due to Si–O–Zr bonds. The
intensity of the Si–O–Zr peak also increases with increased
milling duration, consistent with those observed from the
milling-induced transitions in amorphous SiO2 (Fig. 2a–c). The
fractions of Si–O–Zr bonds in milled 17O-enriched c-SiO2 (cris-
tobalite) with milling durations of 15 and 60 min at 800 rpm
were ∼4% and ∼9% (Fig. 2d), respectively, which shows
remarkable similarity to those of milled 17O-enriched a-SiO2

(Fig. 2a). Aer milling for 60 min at 800 rpm, the 17O NMR
spectra of 17O-enriched c-SiO2 (cristobalite) and

17O-enriched a-
SiO2 are similar (Fig. 2f). The 17O NMR results conrm that
milling-induced amorphization is prevalent under a milling
speed of 800 rpm and duration of 15 min with the formation of
an extrinsic Si–O–Zr bond.
22676 | J. Mater. Chem. A, 2025, 13, 22672–22684
3.3. Mechanical milling-induced hydration of the milled
amorphous silica product: hydrogen speciation and
quantication of 1H contents by 1H MAS NMR analysis

3.3.1 1H MAS NMR analysis of SiO2 under frictional shear
with various milling speeds and durations. Fig. 3a shows the
high-resolution 1H MAS NMR spectra of SiO2 subjected to
mechanical shear at milling speeds of 200–800 rpmwith amilling
duration of 5 h. Multiple hydrogen species were identied, con-
rming the hydration and hydroxylation of SiO2 aer intense
milling (see ref. 37 and the references therein for peak assign-
ments; Fig. S11† for spectral deconvolution); particularly, a broad
peak at ∼11 ppm indicates strongly hydrogen-bonded silanol,
a broad peak at ∼6 ppm indicates moderately hydrogen-bonded
silanol, a narrow peak at ∼4 ppm indicates weakly hydrogen-
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) 1H MAS NMR spectra (at 14.1 T) for milled SiO2 with varying milling speeds using a milling duration of 5 h (the number of protons in the
unit sample weight estimated from the spectral intensity).37 The peak at ∼1.3 ppm (#) is due to organic contamination such as finger grease.67 (b)
1H MAS NMR spectra (at 14.1 T) obtained for milled SiO2 with varying milling durations at 800 rpm (the number of protons in the unit sample
weight estimated from the spectral intensity).
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bonded silanol and/or mainly hydrogen-bonded, surface-
adsorbed water, and a narrow peak at ∼4.7 ppm indicates
surface-adsorbed water. The sharp peaks at ∼1.2 ppm (# in
Fig. 3a) are likely attributable to organic contamination. The
broad peaks at ∼6.4 and ∼5.4 ppm may also indicate hydrogen-
bonded water with varying hydrogen bond strengths.37 The
spectral intensity at 200 rpm is relatively weak, indicating minor
hydration at lower milling speeds. The 1H MAS NMR spectra
obtained at 400 and 600 rpm reveal an increase in the peak
intensities of the adsorbedH2O and/or OH species. Under amuch
faster milling speed of 800 rpm, the spectral intensity and
hydrogen content for the phase noticeably decrease, indicating
the dehydration of the milled amorphous silica product at the
elevated temperatures associated with intense milling at
∼800 rpm;65,66 these decreases primarily occurred at ∼3–7 ppm
(i.e., adsorbed H2O) (see ESI-6† for quantitative details).

The impact of the milling duration on the hydrogen environ-
ment of the milled amorphous silica product at a constant
milling speed of 800 rpm is illustrated in Fig. 3b. The NMR results
conrm an overall increase in the hydrogen content in the milled
amorphous silica product with increasing milling duration and
milling speed; this is because milling-induced comminution and
a larger surface area tend to promote the hydration and hydrox-
ylation ofmilled amorphous silica product surfaces. These results
also indicate that, under rapid frictional shear and a relatively
long milling duration (of 30 min under 800 rpm), frictional
heating during such intense milling can also dehydrate and/or
dehydroxylate the phase during amorphization.
3.4. Evolution of network structures of the milled
amorphous silica product under frictional shear: insights
from 29Si MAS NMR analysis

3.4.1 Amorphous structures at varying milling speeds: 29Si
NMR results with a short recycle delay time. The atomic envi-
ronments of the Si atoms in mechanically deformed SiO2 are
investigated by using 29Si MAS NMR spectroscopy. Fig. 4a shows
the 29Si MAS NMR spectra of milled SiO2 at speeds of up to
This journal is © The Royal Society of Chemistry 2025
800 rpm with a milling duration of 5 h. The 29Si MAS NMR
spectra were obtained with a short NMR recycle delay of 10 s
(Fig. 4a). Because the T1 relaxation time of quartz is substan-
tially longer than that of its amorphous analog, under a shorter
NMR recycle delay time of 10 s, the signal from the amorphous
component (milled amorphous silica product) is preferentially
highlighted (see ref. 5 for further discussion). Even under such
conditions, the spectrum at 200 rpm is dominated by a quartz
resonance, indicating a minor degree of amorphization.
Increasing the milling speed above ∼400 rpm results in a broad
peak ranging between ∼−80 and ∼−120 ppm, conrming the
formation of the milled amorphous silica product. The 29Si MAS
NMR spectrum of unmilled a-SiO2 shows a prominent feature at
∼−110 ppm corresponding to fully polymerized Q4 species.37

However, at 600 and 800 rpm, the 29Si MAS NMR spectra display
apparent increases in their peak intensities, shiing toward
higher frequency ranges (∼−80 to ∼−100 ppm). The changes
reect a milling-induced decrease in polymerization of the glass
network (see discussion below). The milled SiO2 exhibits Si–O–
Zr and hydroxyl species (Si–O–H) along with growing structural
disorder during amorphization and thus, we note again that the
amorphous product formed by the amorphization of crystalline
SiO2 is not pure a-SiO2.

3.4.2 Structural evolution at varying milling speeds: 29Si
NMR results with a long NMR recycle delay. Fig. 4b shows the
29Si MAS NMR spectra with a relaxation delay of 4200 s for SiO2

milled at varying milling speeds up to 800 rpm with a milling
duration of 5 h, which resulted in fully relaxed 29Si MAS NMR
spectra for the milled SiO2. Therefore, these

29Si MAS NMR
spectra obtained under a long relaxation delay provide quanti-
tative information on both the crystalline (with long T1) and
amorphous phases (with short T1). These results are consistent
with XRD results (Fig. 1a). At 200 rpm, the 29Si MAS NMR
spectrum is again dominated by a strong quartz peak. At
400 rpm, the 29Si MAS NMR spectrum indicates the dominance
of quartz, which was partially observed with a short recycling
delay of 10 s (Fig. 4a). As the milling speed increases, the broad
peak intensity of milled amorphous silica product increases,
J. Mater. Chem. A, 2025, 13, 22672–22684 | 22677
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Fig. 4 (a) 29Si MAS NMR spectra for milled SiO2 with varying milling speeds with a milling duration of 5 h and 7 nm amorphous silica, the used
recycle delay is 10 s. The 29Si spectrum of 7 nm amorphous silica dehydrated at 1473 K was from the previous study.37 (b) 29Si MAS NMR spectra
for milled SiO2 with varyingmilling speeds with a milling duration of 5 h, the used recycle delay is 4200 s. (c) 29Si MAS NMR spectra for milled SiO2

with varying milling durations at 800 rpm, the used recycle delay is 3600 s (7200 s for the milled SiO2 for 180 min). (d) 29Si MAS NMR spectra for
milled SiO2 at 800 rpm with milling durations of 10 and 180 min. (e) 1H–29Si heteronuclear correlation (HetCor) NMR spectra and projections in
1H and 29Si dimensions for milled SiO2 with varying milling speeds using a milling duration of 5 h.
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conrming the milling-induced mechanical amorphization of
quartz (Fig. 1a). While it is not fully quantitative, the residual c-
SiO2 was estimated to be ∼ a few % based on the XRD peak area
of the milled silicate at 800 rpm for 5 h (Fig. 1a), showing
primarily the amorphous phase. The 29Si NMR fraction of the
milled amorphous silica product in the milled SiO2 is ∼97%
(Fig. 4b), which is consistent with XRD results.

3.4.3 Structural evolution under varying milling durations:
29Si MAS NMR results. Fig. 4c shows the relaxed 29Si MAS NMR
spectra for SiO2 subjected to frictional shear under 800 rpm,
milling durations ranging from 10 to 180 min, and a long NMR
recycle delay (i.e., 3600–7200 s). As the milling duration
increases from 10 to 60 min, the fraction of c-SiO2 decreases
(see also Fig. S12† for XRD patterns). As for Fig. 4b, c-SiO2 of
∼600 mg was milled with varying milling speeds (from 200 to
800 rpm) for 5 h. As for Fig. 4c, c-SiO2 of 200 mg was ground
with varying milling durations (from 10 to 180 min) at 800 rpm.
Considering the difference in sample volume, Fig. 4c presents
22678 | J. Mater. Chem. A, 2025, 13, 22672–22684
a result for milled SiO2 under more intense frictional shear. The
spectral widths associated with the milled amorphous silica
product also increase as a result of increasing the milling
durations up to 60 min, suggesting an increase in the congu-
rational and topological disorder within the amorphous
network. Beyond 60 min, further increasing the milling dura-
tion to 180 min resulted inminor changes in the overall spectra.
These results highlight that a time-dependent dynamic milling
process occurred in the milled SiO2, where network amorph-
ization is controlled by tuning the milling speed and duration
(Fig. 4d).

We also collected the 29Si NMR spectra for 17O-enriched
crystalline SiO2 (cristobalite) without milling and those with
milling durations of 15 and 60 min under 800 rpm (Fig. S7†).
The spectral results are compared to those of 17O-enriched
amorphous SiO2 (Fig. S6–S8†). Using 17O-enriched a-SiO2 and
17O-enriched c-SiO2 (cristobalite) as starting materials, the 29Si
MAS NMR spectra for the milled amorphous phase are rather
This journal is © The Royal Society of Chemistry 2025
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similar, both showing an increase in peak intensity around
∼−90 to∼−105 ppm (see Fig. S6–S8†). We note that with a short
NMR recycle delay of 10 s used in the current 29Si NMR spectral
acquisition, the fraction of the crystalline peak is under-
estimated (see the section of Amorphous structures at varying
milling speeds: 29Si NMR results with a short recycle delay time
above for further discussion). Nevertheless, the results conrm
that the amorphous phases with different starting materials
(i.e., cristobalite and a-SiO2) undergo similar amorphization
paths, involving network depolymerization, hydroxylation, and
the formation of extrinsic bonds resulting from interactions
with the milling media.

3.4.4 Probing the hydroxylation of the milled amorphous
silica product during milling: 2D 1H–29Si HetCor NMR results.
Fig. 4e shows the 2D 1H–29Si HetCor NMR spectra for SiO2

under frictional shear, revealing the spatial proximity between
the hydrogen species (e.g., hydrogen-bonded water and/or
hydrogen-bonded silanol) and Qn species in the milled amor-
phous silica product. The results reveal strong correlations for
Q2-H and Q3-H (i.e., through-bond and through-space correla-
tions), whereas the correlation for Q4-H is relatively weak. This
suggests that the hydration of SiO2 results in the formation of
geminal silanol (Q2) and single silanol (Q3) (Fig. 3 and see also
Fig. S13† for 1H–29Si CPMAS NMR spectra), which partially
accounts for the high-frequency features (∼−90 ppm) in the 29Si
MAS NMR spectra for the deformed SiO2 under milling (Fig. 4a).

3.4.5 Structural origins of the milling-induced Q species
evolution in the milled amorphous silica product subjected to
mechanical amorphization. The broad spectral features of the
amorphous component at −90 ppm (i.e., deformation-induced
peak shi from −110 ppm) of the mechanically amorphized
SiO2 may have multiple structural origins. First, as indicated by
the FT-IR spectra in Fig. 1c and 17O MAS NMR results in Fig. 2a,
the shi originates from the formation of Si–O–Zr bonds. The
observed interaction between ZrO2 and SiO2 leads to the
formation of multiple Si environments with varying numbers of
Zr atoms as second-nearest neighbors (Q4(mZr), where m indi-
cates the number of Zr atoms as the second-nearest neighbors
of Si).49,68,69 Given the estimated XSi–O–Zr fraction of∼9% for SiO2

milled at 800 rpm (Fig. 2), the Q4(mZr) fractions with varying
values of m can be estimated using the following equation:70

Q4ðmZrÞ ¼ 4Cmð0:09Þmð0:91Þ4�m
; where 4Cm ¼ 4!

m!ð4�mÞ! (1)

The estimated Q4(mZr) fractions are as follows: Q4(0Zr),∼0.69;
Q4(1Zr), ∼0.27; Q4(2Zr), ∼0.04; and Q4(3Zr), ∼0.003. Because the
chemical shis of these peaks are higher than those for Q4(0Zr)
(i.e., less negative peak position), the formation of Q4(mZr)
species accounts for the observed peak shi in the 29Si MAS NMR
spectra for the milled SiO2 (see ESI-9 and Fig. S14b†). Second, an
increase in network depolymerization due to hydroxylation of the
milled amorphous silica product and, thus, the formation of Q2

with germinal silanol [(Si–O)2]Si](OH)2] and Q3 with single
silanol [(Si–O)3^Si–OH]37 may partially account for the residual
intensity, as the spectral patterns may not be fully explained by
the estimated Q4(mZr) fractions alone (see ESI-9 and Fig. S14c†).
This journal is © The Royal Society of Chemistry 2025
Lastly, because the 29Si NMR chemical shi increases with
decreasing Si–O–Si bond angle (see ref. 37 and the references
therein), the current positive shi indicates a deformation-
induced decrease in the Si–O–Si bond angles, as also implied
by the FT-IR results (see ESI-10 and Fig. S15†).

To further identify the relative contributions of both Zr and
H to Si speciation (i.e., Q2(2OH), Q3(1OH), Q4, and Q4(mZr)
species), the fractions of Qn species in the amorphous phase
were estimated by deconvoluting the 29Si MAS NMR spectra
collected under longer NMR recycle delays (see ESI-11 and ESI-
12† for the effects of NMR relaxation time on quantication;
ESI-13† for the effects of 10 and 4200 s recycle delays on the 29Si
MAS NMR spectra). Here, we rst constrained the Q4 peak
position to ∼−110 ppm based on the NMR signal of pure SiO2

glass only with Q4 species (Fig. 4a). The relative Q4(mZr)
proportions were then estimated based on the Si–O–Zr fraction
from 17O NMR (eqn (1)). The Q4(2Zr) and Q4(1Zr) peak positions
were constrained to ∼−92 and ∼−101 ppm (ESI-9 and
Fig. S14b†), with the relative intensities set to match the
Q4(2Zr), Q4(1Zr), and Q4 [i.e., Q4(0Zr)] ratios of approximately
4%, 27%, and 69%, respectively. Additionally, the residual
spectral intensities of the experimental 29Si MAS NMR signals
have been attributed to the combination of Q2 and Q3 species at
∼−92 and ∼−101 ppm, respectively, accounting for the
hydroxylation-induced changes in the Si species (see ESI-9 and
Fig. S14c†). The fractions of Si species resulting from SiO2 being
subjected to frictional shear at 800 rpm were as follows: Q2,
10%; Q3, 24%; Q4, 45%; Q4(1Zr), 18%; and Q4(2Zr), 3%.
Although the Q4 peak position was xed at approximately
−110 ppm, the potential positive peak shi in Q4 could
contribute to increase the fractions of Q4 species, particularly
the Q4(1Zr) and Q4(2Zr) species. Additionally, the fraction of Si–
O–Zr bonds may be slightly underestimated because the Si–O–H
bonds overlapped with the Si–O–Si bonds in the 17O MAS NMR
spectra (Fig. 2). Therefore, the current simulation results
represent a conservative estimation of the fractions of Q4(0Zr),
Q4(1Zr), and Q4(2Zr) species in SiO2 (see ESI-9† for further
details and uncertainties).

Furthermore, although the effects of Si–O–Si bond angle
reduction during deformation have not been explicitly consid-
ered, the systematic peak shi in the Q4 species (toward a more
positive frequency) can potentially provide quantitative insight
into deformation-induced topological contraction (see Fig. S19†
for milling-driven 29Si peak shi). Regardless of this uncer-
tainty, the current 29Si results clearly highlight diverse defor-
mation processes during milling, such as milling-induced
chemical interactions, hydroxylation, and potential topological
contraction (i.e., bond-angle change) in SiO2 networks during
amorphization.
3.5. Quantication of the degree of amorphization in SiO2

under mechanical shear

3.5.1 29Si MAS NMR results for SiO2 milled at 800 rpm
under varying milling durations and NMR recycle delays. The
aforementioned results indicate that our NMR results for
a longer NMR recycle delay can quantify the fractions of
J. Mater. Chem. A, 2025, 13, 22672–22684 | 22679
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crystalline and amorphous phases in intensely deformed SiO2

subjected to mechanical amorphization. Here, based on our
detailed, systematic, and extensive solid-state NMR results, we
quantied the extent of SiO2 amorphization during frictional
slip by varying themilling speed and duration. Fig. 5a shows the
29Si MAS NMR spectra for SiO2 that underwent mechanical
amorphization at 800 rpm with varying NMR recycle delays and
milling durations. First, the 29Si MAS NMR spectra conrmed
that increasing NMR recycle delay can better highlight the
crystalline quartz peak intensity at ∼−107.5 ppm (see ESI-15†),
demonstrating the necessity of collecting NMR spectra with
long recycle delay for quantitative analyses. Second, increasing
milling duration to 30 min results in broader and weaker c-SiO2

spectral features, indicating enhanced structural disorder via
mechanical milling. Aer ∼60 min of milling, the crystalline
signals disappear, even under a long recycle delay of 3600 s,
conrming the absence of the crystalline phase and their
complete conversion into the milled amorphous silica product
(see ESI-16† for further details).

In Fig. 5b, the milling-driven evolution of 29Si MAS NMR
spectra for SiO2 under distinct NMR recycle delays (10, 300, and
3600 s) is shown, which were used to determine the optimal
NMR conditions for quantication of the NMR spectral
features. The normalized spectra (Fig. 5b, right) show that the
spectral intensities within the higher frequency range of −80 to
−100 ppm are more prominent under the shorter recycle delay
Fig. 5 (a) 29Si MAS NMR spectra with varying NMR recycle delays (dark re
from 10 to 180 min. (b) 29Si MAS NMR spectra with varying NMR recycle d
180 min for milled SiO2 at 800 rpm with varying milling durations (dark

22680 | J. Mater. Chem. A, 2025, 13, 22672–22684
of 10 s. This is because the deformation-induced changes in the
species with shorter T1 relaxation times, such as Q2, Q3, Q4(1Zr),
and Q4(2Zr), are more pronounced under the shorter NMR
recycle delay; the electron spin resonance spectra (see ESI-12
and Fig. S17†) reveal an increase in the concentration of
radical species (i.e., unpaired electron spins) with increasing
milling duration,71 which reduces the T1 relaxation times of the
milled SiO2. Our ESR spectra reveal the peroxy radicals, which
originates from the increased contact of SiO2 particles with the
air (or oxidation) during milling. Furthermore, the reduced
oxidation may preserve the E0 center and/or non-bridging
oxygen hole center (NBOHC) (ESI-12† for further details).72

This increase also indicates that the NMR relaxation delay time
for the acquisition of the quantitative spectrum can be short-
ened (ESI-12†). Taking these factors into consideration, it is
concluded that an NMR recycle delay of $3600 s provides the
fully quantitative 29Si MAS NMR spectra, enabling robust esti-
mation of the Qn and/or Q4(mZr) species in milled SiO2 (see ESI-
17† for further details).

3.5.2 Quantication of the milled amorphous silica
product in milled SiO2. We note that the quantication of the
fractions of c-SiO2 and the milled amorphous silica product is
typically challenging via experimental probes such as XRD,
Raman spectroscopy, and X-ray spectroscopy. Meanwhile, in the
current study, deconvolution of the fully relaxed 29Si MAS NMR
spectra allows us to provide quantitative estimation of the
d) for milled SiO2 at 800 rpm with varying milling durations (dark blue)
elays (dark red) of 10, 300, and 3600 s for 10 to 120 min and 7200 s for
blue) from 10 to 180 min (right: normalized spectra).

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Variation in the fractions of crystalline SiO2 and the milled amorphous silica product with varying milling speeds with a milling duration
of 5 h, the used recycle delay is 4200 s. The solid lines show the shifted exponential function to model the fractions of c-SiO2 and milled
amorphous silica product upon increase in the milling speeds, revealing the threshold milling speed of∼185 rpm. The blue box indicates that the
mechanical amorphization could not be achieved at milling speeds below ∼185 rpm. (b) Variation in the fractions of crystalline SiO2 and the
milled amorphous silica product with varying milling durations at 800 rpm, the used recycle delay is 3600 s for 10 to 120 min and 7200 s for
180 min. The solid lines were fitted by a single exponential function. (c) Enlarged variation in the fractions for 10 to 60 min.
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proportions of c-SiO2 and the milled amorphous silica product.
In particular, Fig. 6a reveals that the fraction of the milled
amorphous silica product increases from ∼10% at 200 rpm to
∼67% at 400 rpm, and to ∼97% at 600 and 800 rpm. The NMR
results show that the mechanical amorphization of SiO2 is most
prominent within the milling-speed range from 200 to 600 rpm.
Here, we use the shied exponential function (dashed lines in
Fig. 6a) to effectively model the milling-induced amorphization
of SiO2: A(R) = A0[1 − exp(−(R − Ra)/l1)], where A(R) is the
amorphous fraction at varying milling speeds (R) and A0 is the
saturated amorphous fraction. The minimum milling speed
(Ra) was also estimated to be ∼185 rpm, and l1 was set to
∼174 rpm; therefore, milling speeds below ∼185 rpm cannot
provide sufficient energy to activate mechanical amorphization
and thus, the amorphization of SiO2 can only be achieved above
the threshold milling speed.

Fig. 6b and c illustrate the relationship between c-SiO2 and
milled amorphous silica product fractions and milling duration
at 800 rpm. The fraction of the milled amorphous silica product
sharply increased with increasing milling duration up to
approximately 30 min. The fractions of the milled amorphous
silica product were clearly saturated for milling durations above
∼30 min. The relationship between milled amorphous silica
product fraction and milling duration can also be explained
using a single exponential function: A(t) = A0[1 − exp(−t/D1)],
where A(t) is the amorphous fraction for various milling dura-
tions and A0 is the saturated amorphous fraction. The
mechanical amorphization time, D1, is dened as the milling
duration required for the amorphization of ∼63% of c-SiO2.
Under the current milling conditions, D1 was estimated to be
∼7min. Although the extent of ball milling-inducedmechanical
amorphization had remained unknown, the current experi-
mental results provide the rst quantitative information on the
fractions of crystalline and amorphous components in SiO2

milled under varying speeds and durations. The extensive 29Si
NMR results, in conjunction with the inputs from the 17O and
1H results, enable us to establish the rst predictive models for
mechanical amorphization during intense milling.
This journal is © The Royal Society of Chemistry 2025
3.6. Implications and applications

Our current results provide guidelines for controlling the
structural disorder and fractions of crystalline–amorphous
phases by tuning the milling speed and duration, and can be
practically useful as novel mechanical milling-based synthesis
protocols. Here, we discuss the implications further and the
practical aspects of the current experimental ndings and
conceptual advances.

3.6.1 Formation of intrinsic and extrinsic chemical bonds
during milling-driven amorphization. We have shown the
extent of mechanical alloying of Zr and, therefore, the
substantial degree of interaction between SiO2 and milling
media. In particular, while the formation of such extrinsic
chemical bonds during mechanical milling had been difficult to
probe, the current 17O MAS NMR results provide unequivocal
experimental evidence for the formation of Si–O–Zr bonds
during milling. The observed milling-induced formation of Si–
O–Zr may affect the physical properties of SiO2. Indeed, earlier
studies of sol–gel synthesized SiO2–ZrO2, a potential Li-ion
battery anode material, have suggested that the formation of
Si–O–Zr bonds enhances the specic capacity.29,30 As ball-
milling can be used to synthesize amorphous anode materials
for energy storage, considering our current observation of
milling-induced formation of Si–O–Zr, potential change (or
enhancement) of capacity may also be due to the formation of
extrinsic bonds (via interaction with milling media); whereas
mechanosynthesis and the formation of intrinsic bonds (i.e.,
without interacting with milling media) via ball-milling have
been demonstrated extensively,19,31 the current results also
reveal the formation of extrinsic bonds. Such extrinsic bond
formation may have partly contributed to an enhanced specic
capacity of milled SiO2 synthesized by mechanical milling.28

Future studies and application of mechanochemical synthesis
of anode materials should take the formation of such extrinsic
chemical bonds into consideration. Alternatively, the formation
of such bonds can in turn be used to chemically dope minor
elements into oxide materials with substantial hardness (e.g.,
SiO2 and Al2O3) by controlling the overall degree of milling
J. Mater. Chem. A, 2025, 13, 22672–22684 | 22681
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speeds and durations. Such protocols may offer a novel
synthesis method for amorphous materials with tunable
electronic-transport properties.

3.6.2 Implications for frictional processes in natural
systems. Our study also revealed the extensive mechanical
amorphization-mediated hydration (∼10% hydrogen atoms per
SiO2 unit), hydroxylation (i.e., the formation of Si–O–H), and the
subsequent depolymerization of the amorphous networks in
the milled amorphous silica product. Because quartz (SiO2) is
a major mineral phase of the Earth's crust, the current experi-
mental ndings during mechanical amorphization of SiO2

provide insight into the friction processes in nature. One of the
salient examples is the friction processes of quartz and other
silicate minerals on fault planes during co-seismic slip. In
particular, as conrmed in the current study, frictional shear is
expected to hydrate anhydrous SiO2-rich minerals. Such
hydration and hydroxylation could decrease the melting
temperature of the minerals, promoting melt formation during
rapid frictional slip (i.e. frictional melting) (see ref. 5 and
references therein), which reduces the friction coefficient along
the fault plane. The decrease in the friction coefficient due to
melt lubrication of the fault surfaces accounts for an efficient
slip. Therefore, although a direct comparison between the
milling speeds of the planetary ball milling in our experiments
and fault slip speed during an earthquake remains to be
explored, our experimental nding can be useful to constrain
the behaviors of SiO2-rich minerals under extreme friction and
provide atomistic account to facilitate longer displacement
during slip.

3.6.3 Implications for amorphization during material
processing under shear. We note again that “amorphization” of
crystalline silica is accompanied by the formation of silanol and
also Zr–O–Si, along with depolymerized Q3 and Q2 species,
thereby presenting evidence of hydroxylation. Therefore, the
amorphous products formed via intense milling are not pure a-
SiO2, rather an amorphous phase consisting also of a minor
fraction of H and Zr. The current study explicitly reveals such
transitions and formation of extrinsic bonds under intense
milling. Furthermore, as can be inferred from the formation of
Si–O–Zr and Si–O–H bonds in the mechanically milled amor-
phous silica product, extreme friction may activate chemical
interactions among the materials under intense milling, which
may reduce the melting temperature of the crystalline oxides.
The current results suggest that the slip-soening mechanisms
associated with frictional shear may also be activated above
a specic threshold sliding speed. Finally, our study established
the kinetic models for dynamic mechanical amorphization;
quantication of the proportions of c-SiO2 and the milled
amorphous silica product by 29Si MAS NMR allowed us to
construct the kinetic paths of the irreversible mechanical
amorphization. The established model identies the threshold
milling speed and duration (and thus, the energy barrier to
activate the mechanical amorphization) to achieve the
amorphization of SiO2. The exponential model for the propor-
tions of c-SiO2 and the milled amorphous silica product reveals
that the mechanical amorphization during intense-milling can
be described as the rst-order reaction. The current model, for
22682 | J. Mater. Chem. A, 2025, 13, 22672–22684
the rst time, denes the dynamic paths of the irreversible
mechanical milling. Furthermore, the model provides the
guidelines for novel mechanical-based synthesis routes for
amorphous materials.

4. Conclusions

In the current study, we investigated extensively the extent of
network amorphization of prototypical SiO2 during intense
milling and revealed the substantial degree of hydration,
hydroxylation, and chemical interactions with the milling
media at varying milling speeds and durations viamultinuclear
(1H, 17O, and 29Si) NMR spectroscopy, together with XRD, TEM-
EDS, and FT-IR. The current results constitute a full-spectrum
analysis of the mechanical amorphization-driven structural
evolution and interactions during milling, which has not been
previously reported. Notably, as the milling speed and duration
increase, the crystallinity of SiO2 gradually decreased and it
became amorphous. During milling-driven mechanical
amorphization, the high-resolution 17O NMR revealed the
formation of Si–O–Zr bonds through the interaction of SiO2

with ZrO2 milling media. The 1H NMR results also conrmed
the hydration of the amorphous SiO2 complex through the
formation of Si–O–H species. The fully relaxed 29Si MAS NMR
spectra were used to quantify the fractions of c-SiO2 and
amorphous SiO2 phase consisting of a hydroxyl group and Si–O–
Zr at varying milling speeds and durations. The quantication
of the fraction of the milled amorphous silica product revealed
a threshold milling speed and duration. These ndings help to
explain the atomistic structural changes resulting from
applying a ball-milling process to diverse materials with
comparatively high hardness. Furthermore, our ndings
regarding deformation-induced chemical interactions and
hydration also provide insight into structural changes in silicate
rocks and melts during natural frictional processes (e.g., fault
slip). The amorphous product obtained via mechanical
amorphization of c-SiO2 has potential as an anode material for
batteries and other energy storage materials. Future studies on
comprehensive investigation of the formation of extrinsic and
intrinsic chemical bonds for complex materials are needed. Our
experimental ndings provide guidelines for novel mechanical
deformation-based synthesis routes for amorphous materials.
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