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The extent of utilization of magnesium silicate hydrate (MSH) in construction is limited partly because of
insufficient data ascertaining the kinetics of its precipitation. Here, MSH grown homogeneously or heteroge-
neously in the range of magnesium to silicon solution molar concentration ratios, [Mg]/[Si] = 0.5-1.5, and
temperature = 25-80 °C was analyzed for its chemical structure and morphology. Infrared spectroscopy and
geochemical modeling show that increasing the [Mg]/[Si] ratio results in less silicate polymerization in MSH.
Atomic force microscopy reveals the presence of nanoparticles that aggregate and fuse to form films. Oriented
attachment of nanoparticles and features indicative of enhanced crystallinity were observed at higher temper-
atures and longer reaction times. These data provide direct evidence for the persistence of hierarchical structures
(i.e., nanoparticles forming 3D microparticles and 2D film layers) at the nanoscale to mesoscale. These findings
offer insights into the precise chemical synthesis of MSH and its widespread use as a binder for construction

purposes.

1. Introduction

Increasing environmental concerns arising from concrete’s high en-
ergy consumption and carbon dioxide (CO3) footprint have prompted a
growing interest in strategies to improve concrete durability, partially
replace ordinary Portland cement (OPC), or create new binder chemis-
tries [1-4]. However, knowledge generation in the cement industry is
often driven by demands for specific functions and requires extensive
experimental designs based on trial and error [5]. Key challenges that
preclude widespread implementation of alternative cementitious mate-
rials include: (1) the need for scarce or energy-intensive reactants, while
substitutes based on abundant magnesium-based precursors are rela-
tively less explored [6], (2) the limited understanding of the thermo-
dynamic and kinetic controls on the formation of nanoscale and
mesoscale structures leading to porosity filling in hydraulic cements [7],
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and (3) the inadequate understanding of the structure-property re-
lationships in cementitious systems at the nanoscale and beyond. This
lack of knowledge impedes the tailored synthesis of binders with pre-
dictable properties.

Calcium silicate hydrate (CSH) that makes up OPC-based concrete
has a structure akin to defected tobermorite (CasH3SigO1g-8H20) or
jennite (CagHSigO15(OH)g-6H20) [8-12], wherein Ca-O chains are
sandwiched by paired and bridging silicate tetrahedra, and water mol-
ecules occupy the interlayers. In contrast, magnesium and silicon-based
cements, as in magnesium silicate hydrate (MSH), are less explored [6].
MSH is attractive not only as a cementitious infrastructure material but
also for special applications. For instance, the higher acidity of MSH
cements compared to CSH cements reduces the persistence of an alkaline
plume that results in the degradation of the surrounding clay in nuclear
waste repositories [13]. Low-pH cements can also be used for
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Table 1

Description of conditions for Set A experiments. [Mg] and [Si] are initial solution parameters obtained based on the measured masses of precursors and the volume of
the growth solution. The same Mg and Si concentrations are used in the models. The saturation indices are calculated based on the measured pH (i.e., the modeled pH is
equal to the measured pH). In the simulations, the measured pH is attained by adding CO, (see Tables S1-S4). Positive values of saturation index indicate thermo-
dynamic favorability for the formation of the phase.

[Mg] (mM) [Si] (mM) [Mgl/[Si] (M/M) pH (meas.) Time (h) T (°C) SI My 75sSH SI M, sSH SI Brucite SI SiO3 (am)
101 200 0.505 12.57 480 25 8.94 8.43 4.25 -1.95
111 200 0.555 12.50 480 25 9.02 8.46 4.24 -1.89
121 200 0.605 12.42 480 25 9.12 8.48 4.20 -1.82
130 200 0.650 12.34 480 25 9.20 8.49 4.16 -1.75
139 200 0.695 12.25 480 25 9.28 8.49 411 -1.67
151 200 0.755 11.93 480 25 9.48 8.39 3.84 -1.37
160 200 0.800 11.79 480 25 9.57 8.35 3.73 ~1.25
169 200 0.845 11.47 480 25 9.73 8.21 3.43 —0.94
179 200 0.895 10.70 480 25 9.98 7.66 2.53 —0.14
191 200 0.955 10.23 480 25 9.95 7.15 1.87 0.34
201 200 1.005 9.95 480 25 9.85 6.77 1.44 0.62
212 200 1.060 9.79 480 25 9.79 6.55 1.18 0.78
224 200 1.120 9.68 480 25 9.74 6.40 1.02 0.88
230 200 1.150 9.63 480 25 9.72 6.33 0.94 0.93
240 200 1.200 9.58 480 25 9.71 6.28 0.87 0.97
256 200 1.280 9.48 480 25 9.66 6.14 0.72 1.06
261 200 1.305 9.51 480 25 9.70 6.21 0.79 1.03
272 200 1.360 9.52 480 25 9.74 6.26 0.84 1.01
278 200 1.390 9.48 480 25 9.72 6.21 0.77 1.05
290 200 1.450 9.46 480 25 9.73 6.20 0.76 1.06
300 200 1.500 9.46 480 25 9.75 6.23 0.78 1.06
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Fig. 1. (a—c) Saturation index and (d-f) pH of growth solutions for Set A experiments (see Tables 1, S2, S3, and S4) as a function of [Mg]/[Si] at 25 °C. The cal-
culations were performed using PHREEQC [44] with the Cemdatal8 database [45] for: (a), (d) as-mixed (within 2 min) solutions, (b), (e) the solutions equilibrated
with atmospheric CO, (420 ppm), and (c), (f) the solutions equilibrated with brucite (i.e., SIprycite = 0), represented as solid lines. The measured pH values and
corresponding saturation indices are given in symbols (open red triangles: initial pH; solid red triangles: pH after 11 days of reaction; crosses: saturation indices). Dashed
gray lines mark a saturation index of 0, which indicates dissolution/precipitation equilibrium. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Table 2
FTIR wavenumbers and putative species detected in the sample.
Species Characteristic Wavenumber (cm ™) Reference
Qb Bending 622, 634 [38,39]
Q! Stretching 835 [38,39]
Q? Bending 902, 908 [38,39]
Q® Stretching 977, 985 [38,39]
Si—O0~ Stretching 1350-1397 [59]
H,O Bending 1637 [38,39,59]
O—H Stretching 3383 [38,39]
MgO—H Stretching 3676 [38,39]
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Fig. 2. Fourier-transform infrared spectra of MSH samples synthesized from
growth solutions with [Mg]/[Si] molar ratios ranging from 0.50 to 1.52 (Set A,
Table 1). The spectra are labeled using their respective solution [Mg]l/[Si]
molar ratios. The wavenumbers corresponding to the species detected in each
sample are labeled by dashed vertical lines.

stabilization of CO» injection wells during enhanced oil recovery or in
situ geologic CO- sequestration, which requires cements that are stable
under CO,-rich conditions [14]. Furthermore, interest in MSH has been
motivated by its potential use for immobilization of heavy metals by
surface sorption or precipitation of metal-containing cementitious pha-
ses that have reduced solubility and hazardousness compared to the
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metal pollutants [6,15-19]. Finally, MSH finds use in catalysis owing to
the tunable acidity of its surface groups and the high defective site
density in the talc-like structure [20].

MSH can be synthesized from widely abundant magnesium-rich sil-
icate solids and brines [6,21-25]. In nature, MSH analogs are found in
ultramafic rock formations that are characterized by serpentinization
[26-28]. Crystalline MSH has also been observed in a concrete sea-wall,
presumably arising from the breakdown of CSH and phase alterations
induced by the Mg-rich seawater [29]. The dissimilarity between Ca?t
and Mg?* ions [30,31] may lead to distinct chemical properties of CSH
and MSH. Nonetheless, both phases are composed of silicate tetrahedra
that polymerize to form double chains or sheets that are poorly crys-
talline and highly defective. Both solids also feature negative surface
charges arising from the silanol (Si—O—H) groups that deprotonate to
greater extents as pH increases, with Ca?* or Mg?* compensating for the
generation of silicate charges [32-34].

Insights into MSH synthesis can be gained from studies on Mg-rich
phyllosilicates  [35]. Talc (Mgs(Si4O10)(OH)2) and serpentine
(Mg3(Si205)(OH)4) have been observed to form days to weeks after re-
action of magnesia and silica at high temperatures and pressures
(75-135 °C, ~138 MPa), with MSH gels either co-precipitating or
forming as intermediate phases [36,37]. MSH has been batch synthe-
sized from aqueous solutions by reacting MgO with silica fume, or by
mixing stoichiometric amounts of magnesium nitrate and sodium sili-
cate in water (as employed in this study), revealing poorly ordered ag-
glomerates with typical Mg/Si molar ratios of 0.6-1.2, depending on the
reaction time and temperature [33,38-41]. In another series of studies,
X-ray spectroscopy and ab initio calculations reveal that MSH synthe-
sized for 1-12 months with molar Mg/Si = 0.7-1.5 have a talc-like TOT
(tetrahedral-octahedral-tetrahedral) structure (Mg/Si = 0.75) at low
Mg/Si and a serpentine-like TO structure (Mg/Si = 1.5) at high Mg/Si, in
which a high defect density in the silica layers is associated with an
increase in the Mg/Si molar ratio [33,39,40,42,43].

The use of MSH in construction applications is limited, in part
because of the insufficient data ascertaining its “cementitious character”,
i.e., rates of precipitation, structural mechanisms for strengthening, and
stability in relevant environments. Phase assemblages, structures, mor-
phologies, and growth modes of MSH inform these aspects. Therefore, in
this study, we examine the morphology and chemical structures of MSH
using high-resolution atomic force microscopy (AFM) and Fourier-
transform infrared spectroscopy (FTIR), supplemented by geochemical
modeling. Investigations of MSH structures at high spatial and temporal
resolutions will enable a mechanistic understanding of the properties of
MSH-based structural and functional materials, and the manipulation of
these properties. In addition, the knowledge acquired from this study
can be extended to less-studied magnesium-based cements (e.g., mag-
nesium carbonate) and to analogous systems such as CSH. Our ultimate
goal is to identify precise chemical pathways for MSH synthesis and
contribute to the knowledge of processing-structure-property relation-
ships in MSH, thus establishing its viability as a binder material for
construction purposes and an alternative to OPC.

2. Materials and methods
2.1. Sample preparation

Two sets of samples that separately address chemical structure and
growth morphology were prepared. One set of samples (Set A) was
prepared by mixing stock solutions of sodium metasilicate pentahydrate
(NaySiO3-5H20, 99 % purity, 214.14 g/mol) and magnesium nitrate
hexahydrate (Mg(NO3)2-6H20, >95 % purity, 256.41 g/mol) in a
polypropylene centrifuge tube to generate 30 mL growth solutions (i.e.,
solutions that induce the growth of MSH) with final concentrations of
[Mg] = 100-300 mM and [Si] = 200 mM, where the brackets, [ 1,
indicate the total concentration of the element in the solution. Ultrapure
deionized (DI) water (ThermoFisher Scientific Barnstead MicroPure,
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Fig. 3. (a) Absorbance intensity for various species as a function of absorbance intensity of the H,O peak. (b) HyO-normalized absorbance intensity as a function of

[Mgl/[Sil. (c) Q3%/Q? and QL/Q} absorbance ratios as a function of [Mgl/[Sil.

>18.20 MQ-cm) was used for preparation of solutions. The centrifuge
tubes were sealed and stored at ambient temperature (25 + 2 °C) for 20
days, and then centrifuged and decanted to separate the solid pre-
cipitates from the residual solution. Then, the precipitates were left to
dry in the centrifuge tube covered loosely with a Kimwipe™ at ambient
temperature and pressure for 1-3 weeks. The pH values of the growth
solutions were measured within ~2 min of solution preparation (“initial
pH”) and after 11 days of reaction using a multiparameter benchtop
meter (ThermoFisher Scientific Orion™ VersaStar Pro™) calibrated
over pH = 7-12. Another set of samples (Set B) was prepared by reacting
a growth solution with single crystal surfaces, i.e., either synthetic MgO
(100) (~3-10 mm in length and width and ~0.5 mm in height) (SPI
Supplies) or muscovite mica (001) (10 mm in diameter, 0.21 mm thick,
Grade V1, Ted Pella). Immediately after cleaving (within a few seconds),
the crystal substrates were exposed briefly to ultra-high purity (UHP) Ny
gas to remove any surface debris. Growth solutions were prepared either
by adding NaySiO3-5H,0 salt in DI water (i.e., undersaturated solutions)
or by mixing Mg(NOs3)2-6H20, Na,ySiO3-5H20, and DI water (i.e., su-
persaturated solutions). The reaction temperature was maintained using
a heating plate (Tables 1 and 3). At the end of each experiment, the
single crystal was wicked on its edge using a Kimwipe™ and then
exposed briefly to UHP N3 gas to blow off any excess liquid. The samples
were stored in a loosely covered (with a Kimwipe™) polyethylene
container at ambient temperature and pressure conditions prior to
characterization. For both Set A and Set B samples, the precipitates were
not washed to minimize any potential alteration after removal of the
residual solution. The solution speciation and saturation states were
calculated using PHREEQC [44] with the Cemdatal8 database, which
contains thermodynamic data for various phases that typically occur in
cementitious systems, including My 75SH, M; sSH, brucite, and amor-
phous silica [45]. The geochemical models explicitly account for the pH-
dependent speciation of the elements as well as their complexation with
other species, through mass action equations. The pH values of the stock
solutions closely match the calculated pH, suggesting complete disso-
lution of sodium metasilicate and magnesium nitrate in the stock solu-
tions. The saturation index (SI) is defined as log Q, where the saturation
ratio, Q = Q/Kg, Q is the ion activity product, and K, is the solubility
product of a given phase. The residual sum of squares, RSS =
S (i — f(x) )2, where y; is the it value of the variable to be predicted
and f(x;) is the predicted value of y; from the geochemical model, is used
to quantify the discrepancy between the measured data and the
geochemical model.

2.2. Characterization of MSH precipitates

To characterize the molecular structure of the precipitates, infrared
absorbance measurements were performed using a Nicolet iS50 (Thermo
Scientific) FTIR spectrometer with an attenuated total reflectance (ATR)
attachment and a deuterated triglycine sulfate (DTGS) KBr detector.
Infrared spectra were collected using the following parameters: 32
background and sample scans, atmospheric suppression option, and a
wavenumber range of 525-4000 cm . Selected samples were analyzed
using scanning electron microscopy with energy dispersive spectroscopy
(SEM-EDS) (Hitachi S-3000N Variable Pressure SEM) with a working
distance of 15 mm and an accelerating voltage of 25 kV. Samples were
ground and coated with Au/Pt for 2 min using the Hummer VI sputtering
system prior to SEM imaging. X-ray diffraction (XRD) data were ob-
tained using a Siemens D-500 X-ray diffractometer in a 6-26 configura-
tion for thin films deposited on the MgO substrate. A Cu Ka incident
beam with the wavelength of 1.54059 A was used, and a scan range of
3-5° to 60° 26, step size of 0.02°, dwell time of 0.5-1 s, and a working
voltage and current of 40 kV and 30 mA were employed. The dif-
fractograms reflect the sum of intensities for three repeated measure-
ments for each sample. Ambient imaging of MSH grown on single crystal
substrates was conducted using a Cypher ES AFM (Oxford Instruments
Asylum Research) equipped with a heating and cooling sample stage
(0-120 °C) with a perfluoroelastomer (FFKM) seal. Imaging was carried
out in tapping mode (AC mode) to reduce shear forces on the pre-
cipitates associated with tip movement [46]. A monolithic silicon probe
featuring a rectangular cantilever with a 70 nm thick gold coating on the
detector side and the following characteristics (nominal values are
indicated in parentheses): force constant (3 N/m), resonance frequency
(75 kHz), length (225 pm), width (28 pm), and thickness (3 pm), shape
(rotated), height (17 pm), setback (15 pm), radius (<10 nm), half cone
angle (20°-25° along cantilever axis, 25°-30° from side, 10° at the
apex), was used.

3. Results and discussion

This study describes the growth kinetics of MSH. Section 3.1 presents
detailed chemical characterization of bulk MSH precipitates using FTIR,
and Section 3.2 presents growth modes and morphology of substrate-
precipitated MSH observed using AFM. The inhomogeneity of the sam-
ples and the large contribution of MgO/mica substrate to the signal
preclude quantitative interpretation of the FTIR data for the Set B
samples. Likewise, the large roughness of the Set A samples precludes
their detailed morphological evaluation, i.e., measurements of sub-nm
heights and lateral dimensions using AFM. Taken together, these
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Table 3

Description of conditions for Set B experiments. [Mg] and [Si] are initial solution parameters obtained based on the measured masses of precursors and the volume of the growth solution. The saturation indices are

calculated based on the initial solution composition at the given experimental temperature. Positive values of saturation index indicate thermodynamic favorability for the formation of the phase.

SI M; 50SH SI Mg(OH), SI SiO, (am)

SI Mo.75SH

T (°C) V (mL)

[Mg] (mM) [Si] (mM) [Mgl/[Si] (M/M) pH (meas.) pH (calc.) Time (h)

Substrate

Type

—3.02
—3.02
-1.89
-1.35
—0.88
—1.41
-1.50
—2.59
—2.48
—2.69
—2.80
—-2.14
-1.39
-1.26
-1.57
-1.35
—1.41

0.5
0.5

80
80
~25
~25
~25
~25

11.77
11.77
12.52
11.61
10.92
11.74
11.93
12.66
12.93
12.41
12.18
12.64
11.22
10.94

12.11

12.52
12.52
11.94
10.18

200
200
100
100
100
200

MgO

72

MgO

3.89
3.62
3.16
3.99

7.95
8.08
7.86
8.57

8.52
9.19
9.43
9.61

0.5

50
100
150
200

MgO

1.0
1.5
1.0

MgO

9.73
10.33
12.05
12.98
12.96
12.96

MgO

Mica

0.025

25

10.2

MgO

0.025
0.025
0.025

30
50

15
20
5

200
200
200

MgO
MgO

0.025

60

12.96
12.57
10.29

200

MgO

3.10
2.58
2.49
3.44
3.62
3.99

6.56
6.48
7.68
7.60
8.08
8.57

6.92
7.55

0.025
0.025

0.05

100.2

MgO
MgO

25

10

10
15

6.48

0.025

25

20

9.90
11.67

10.18

1.5
0.7

10.2

MgO

8.48
9.19

0.025
0.025

54.5
100
200

37.4
100
200

25

11.61
11.74

Mica

61

0.025 9.

25

10.33

Mica
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complementary data reveal the complex growth modes and structure of
MSH.

3.1. The molecular structure of homogeneously grown MSH and
associated phases

3.1.1. Geochemical modeling

The conditions for homogeneous synthesis experiments (Set A) are
shown in Table 1. Geochemical modeling shows that the reaction solu-
tions are supersaturated with respect to Mg 75SH, M; 50SH, and brucite
(Mg(OH)3), and undersaturated with respect to amorphous silica (SiO2
(am)) (Fig. 1a). The measured and calculated pH values match reason-
ably well at low [Mg]/[Si] (<0.9) and higher pH (Fig. 1d) (RSS = 4.0)
but they deviate from each other at high [Mg]/[Si] (>0.9) and lower pH
(Fig. 1d). We speculate that this difference results from two factors: (1)
equilibration with atmospheric CO, (Fig. 1e) (RSS = 1.31) and (2)
precipitation of brucite (Fig. 1f) (RSS = 2.85). Both scenarios can result
in a pH decrease, leading to undersaturation with respect to M 75SH and
M; 50SH and supersaturation with respect to SiOy (am). Fig. 1e shows
that the modeled pH values do not match measured pH values at lower
[Mg1/[Si]l, where the pH values are higher and the solution is more
susceptible to carbonation. This observation suggests that the discrep-
ancies between the measured and calculated pH are caused not by
carbonation (Fig. 1b, e) but by the rapid (within seconds) precipitation
of brucite at high [Mg]/[Si] (>0.9) (Fig. 1c, f). These compositional
changes likely occurred rapidly, prior to the measurement of pH, i.e.,
<2 min after solution preparation. Although geochemical modeling in-
dicates that the degree of supersaturation with respect to brucite de-
creases (thus resulting in less precipitation) with increasing [Mg]/[Si]
that corresponds with decreasing pH (Table 1), the similarity of the
measured pH to that calculated if brucite precipitates (Fig. 1c) suggest
increased brucite precipitation at high [Mg]/[Si], consistent with the
observations in a prior work [39]. This implies a kinetic control on
brucite precipitation. Specifically, at lower [Mgl/[Si] (i.e., higher [Si]
relative to [Mg]), the formation of MSH is favored over brucite,
sequestering Mg?" ions in solution and consequently inhibiting brucite
formation. Notably, the initial rapid precipitation of MSH at high [Mgl/
[Si] will also result in a decrease in pH.

Geochemical modeling also shows that in neutral to moderately
alkaline pH (<9.5) conditions, the aqueous complexation of Mg with Si
and OH is minor, and >99 % of total dissolved Mg occurs as Mg?". The
extent of complexation of Mg?* with OH™ to form MgOH™ species in-
creases with increasing pH, e.g., ~93 % at pH 10.5 and 50 % at pH 11.6,
consistent with previous analysis [33]. Dissolved Mg?" ions are strongly
hydrated by six water molecules forming the [Mg(H20)e]>" species
[47-49]. Thus, precipitation reactions in the Mg-Si-H50 system involve
silica polymerization and ligand exchange around highly stable mag-
nesium-water complexes to an extent that depends on the size, charge,
rigidity, polarizability, and electron density distribution of the ligand
(herein, water) [50,51].

3.1.2. Evolution of chemical structure as a function of Mg/Si molar ratio

Adjusting the molar ratio of the solutions affects the saturation state
as shown above (Table 1, Fig. 1). To reveal the nature of the phases that
form, we collected infrared absorbance spectra of the Set A precipitates
(Table 2, Fig. 2). The FTIR spectra for samples synthesized under [Mg]/
[Si] ratios between 0.50 and 1.52 are presented, showing the similarity
in the nature of the various species detected (Fig. 2). It has been shown
that for long reaction times (i.e., one year), MSH’s Mg/Si molar ratio
reasonably matches the solution [Mg]/[Si] up to [Mg]/[Si] = 1.3,
although amorphous silica persisted at low ratios [39]. In another work,
a comparison of solution [Mg]/[Si] and measured Mg/Si in the solid
shows reasonable correspondence for low Mg/Si and early ages (24 h)
and discrepancies at higher Mg/Si (i.e., >1.00) [38]. These discrep-
ancies may be caused by the co-precipitation of silica and brucite, as
discussed below. Nonetheless, the Mg/Si molar ratios of selected
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Fig. 4. Results of geochemical modeling for solutions containing 100 mM Na,SiO3 reacted with MgO surfaces, showing (a) pH at Mg (added as Mg(NO)3) con-
centrations, [Mg], of 10, 50, 100, and 150 mM, (b) corresponding saturation indices with respect to brucite, amorphous silica, My 7sSH, and M; sSH, for [Mg] of
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showing (¢) pH at 25, 60, and 80 °C, (d) corresponding saturation indices with respect to brucite, amorphous silica, My 75SH, and M; sSH, for reaction temperatures of
(dark) 25 °C, (medium) 60 °C, and (light) 80 °C. Dashed horizontal lines indicate a saturation index of 0, corresponding to dissolution-precipitation equilibrium.

precipitated solids measured using EDS are 1.31 for [Mg]/[Si] = 1.5 and
0.53 for [Mg]/[Si] = 0.5, showing general agreement with the initial
[Mg]/[Si] of the growth solution (Figs. S1 and S2, Table S5), consistent
with studies that confirm the presence of MSH [38].

MSH is known to have a molecular structure similar to talc, albeit
featuring disorder of the TOT structure [33,52], and to lizardite
(Mgs(Si2Os)(OH)4), antigorite (Mgs(SioOs5)(OH)4), or chrysotile
(Mgs3(Si205)(OH)4) depending on the Mg/Si ratio of the solid [53,54].
Similar to sheet silicates such as serpentines and other clay minerals,
MSH features Mg—OH bonds [38]. MSH crystallites are typically on the
order of 1.2-2.4 nm in size [33,40], with interlayers that contain
exchangeable cations and water molecules. The degree of interlayer
hydration increases with Mg/Si [33], although other studies have noted
limited interlayer water contents in MSH resembling talc [38,41]. The
polymerization of silica tetrahedra in silicates such as MSH
(~630-1400 cm 1) can be characterized from the relative amounts of
Q° (i.e., no oxygen sharing between silicon atoms), Q" (i.e., one oxygen
shared between two silicon atoms), Q? (two shared oxygens, forming
chains), and Q3 (three shared oxygens, forming sheets) [15,55,56]. The
presence of fully polymerized silica tetrahedra, Q4 suggests the for-
mation of amorphous SiO,. FTIR has been used previously to charac-
terize the silica connectivity within hydrated silicates. For instance, it
has been previously shown that extended curing at high temperatures
(85 °C) increases MSH crystallinity, as evidenced by the well-defined

FTIR peaks that correspond to Si—O stretch and O—H stretch and
bend, and the increase in Q3/Q? sites together with a reduction in Q!
sites, indicative of increased silica polymerization [38]. The peak at
3698 cm~ ! (not distinct herein) is attributed to brucite [571, whereas
3676 cm ! is attributed to O—H stretching present in MSH, and 1637
cm ™! arises from H—O—H bending of water confined in the interlayers
or adsorbed on the surface of MSH [33,39,58]. Finally, the peak at 1350
cm ™! can be attributed to deprotonated (i.e., negatively charged) silanol
groups (Si—O7) that may form at the surfaces of amorphous silica at
high pH or their complex with Mg?" to form Si—O™—Mg?" at MSH
surfaces as observed for a calcium silicate [59]. The peaks at 835 cm !
and 1340 to 1369 cm™! may also be related to NO3 symmetric and
asymmetric stretching [60]; SEM-EDS data show the persistence of ni-
trogen in the precipitates (Figs. S1 and S2). In addition, the peak at
~620 cm™! is attributable to QO, as in the nesosilicate, forsterite
(Mg2SiO4) [61-64].

To understand how MSH composition influences silica tetrahedral
connectivity and phase assemblage, we plotted ratios of absorbance
intensities as a function of [Mg]/[Si] ratio (Fig. 3), where the species
concentration is proportional to the absorbance following the Beer-
Lambert Law. We used peak intensities instead of peak areas for
enhanced accuracy because the presence of multiple overlapping peaks
precludes accurate peak decomposition. Because the peak intensities are
not calibrated for actual concentrations, they are employed to identify
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trends across [Mg]/[Si] ratios rather than absolute concentrations of
species. Other factors such as the scattering caused by particulates in the
sample were not considered. The absorbances were normalized to the
intensity of the HyO peak (~1637 cm’l) to isolate effects of water
content on MSH structure. It has been shown for CSH that while the
H50/Si ratio increases with Ca/Si in the solid, the H,O/Ca ratio de-
creases with Ca/Si, such that the water content, which depends strongly
on drying conditions, is independent of Ca/Si [65]. For MSH, the H,O/

169 nm
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Mg ratio is independent of Mg/Si, resulting in higher HoO/Si at higher
Mg/Si [33]. While we observed strong positive correlations between the
water content and the intensities of Ql, QZ, and Q3, i.e., relating to silica
tetrahedral structure (Fig. 3a), we note that there is no correlation (R2 =
0.01) between the intensity of the water peak and [Mg]/[Sil].

For 0.5 < [Mg]/[Si] < 1.5, increasing Mg concentration results in
decreases in the absorbances of Q2 and Q? and increases in Q! bending
(Q}) and stretching (Qll,) vibrations (Fig. 3b). These results suggest that
increasing [Mg]/[Si] (and increasing the Mg/Si molar ratio in the solid)
results in depolymerization of silica tetrahedra within MSH, which agree
with prior work [39]. The depolymerization of MSH is concurrent with
an increase in O—H stretching in MSH with increasing [Mg]/[Si] for
[Mg]/[Si] = 0.5-1.0 (Fig. 3b). Similarly, the normalized absorbance for
deprotonated silanol (Si—O™), which can be attributed to the deproto-
nation of amorphous silica at high pH, increases rapidly for [Mg]/[Si] =
0.5-1.0 and remains nearly constant when [Mgl/[Si] is further
increased to 1.5. A decrease in pH, such as that resulting from brucite or
MSH precipitation, results in a shift from undersaturation to supersat-
uration with respect to silica (Fig. 1c). Overall, these observations show
that the precipitation of brucite or MSH enables the formation of silica.
The co-precipitation of brucite and silica with MSH may have implica-
tions on long-term strength of MSH, possibly via mechanisms analogous
to pozzolanic reactions in CSH [66,67].

It is also evident that the amounts of Q! and Qf increase to the same
extent with increasing [Mg]/[Si], such that the absorbance ratio be-
tween Qé and Qll3 is constant (Fig. 3c). Likewise, the Q3/Q2 ratio is
invariant with [Mg]/[Si] and is on average 1.65 + 0.08 (where the
uncertainty reflects one standard deviation). If we consider Q3 species as
representing silica sheets and Q? as representing defects within these
sheets [39,40,68], this observation would imply that the defect density
does not change significantly with changing MSH composition. Instead,
significant re-organization of MSH results in its depolymerization to
form silica tetrahedral pairs (Q1).

3.2. The morphology of MSH at the nano-to-mesoscale

3.2.1. Geochemical modeling

In addition to chemical characterization of MSH shown above, we
also performed time-resolved morphological characterization at the
nano-to-mesoscale using AFM (Set B, Table 3). In general, the solutions
that were reacted with either mica or MgO are initially supersaturated
with respect to My 75SH, M; sSH, and brucite, and undersaturated with
respect to amorphous silica (Fig. 4a, b). As discussed in Section 3.1, the
rapid precipitation of MSH (at low [Mg]/[Si]) or brucite (at high [Mgl/
[Si]) may enable the formation of amorphous silica by decreasing the
pH. In selected experiments with MgO, the initial solutions did not
contain Mg (Fig. 4c, d). Herein, the nucleation and growth of MSH rely
on the dissolution of MgO, which supplies aqueous Mg?" ions. On the

200
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Fig. 6. Atomic force micrographs of precipitate films grown on MgO (100) after reaction with an MSH-supersaturated solution containing [Mg] = 50 mM; [Si] = 100
mM; [Mg]/[Si] = 0.5 at 25 °C for (a) 5 min, (b) 30 min, and (c) 120 min. The images are collected where thin precipitate films are evident from optical microscopy.
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Fig. 7. Atomic force micrographs of the precipitate films grown on MgO (100) after reaction with an MSH-supersaturated solution containing [Mg] = 50 mM; [Si] =
100 mM ([Mg]/[Si] = 0.5) at 25 °C for 15 min showing (a) MSH films formed from coalescence of nanoparticles shown in detail in (b) and (c), whose relative
locations are marked by yellow boxes in (a). The images are collected where thick precipitate films are evident from optical microscopy. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

contrary, MSH may directly precipitate from supersaturated solutions
without the dissolution of MgO. Geochemical modeling shows that MgO
dissolution initially increases both solution pH and SI with respect to
brucite, My 75SH, and M; sSH at low [Mg], and then decreases SI with
respect to M; sSH at high [Mg] (Fig. 4a, b). Furthermore, increasing the
temperature to 60 and 80 °C reduces the pH, and for undersaturated
solutions, MgO dissolution rapidly induces supersaturation with respect
to Mg-containing phases (Fig. 4c, d). The simulations also reveal that at
25 °C, M 75SH is the most thermodynamically favored phase, whereas
M; 5SH is the most stable phase at 60 °C and 80 °C (Fig. 4d). The surface
area of MgO in contact with the solution will affect how the saturation
state evolves. During in situ experiments, only one face of the crystal is
exposed to the solution, presumably resulting in lower Mg?* concen-
tration in solution compared with that during ex situ experiments, in
which the entire crystal (with all its faces exposed) is immersed in the
solution. Representative FTIR spectra for selected Set B samples show
absorbance peaks characteristic of MSH production over time (Fig. 5),
whereas XRD data confirm the presence of MSH on the MgO substrates
(Fig. S3). The nature of our samples (thin hydrated films grown on a
substrate) presents a challenge for detailed and fully quantitative anal-
ysis of chemical composition. Specifically, the thickness of MSH on MgO
is on the order of a few microns that are difficult to detect using XRD
because of very low signals. In addition, as shown in previous studies,
MSH is poorly crystalline, and its diffraction peaks are broad, making
them difficult to distinguish from the background. We propose that
because of these factors, only the most intense peak at 260 = ~5° can be
observed (note that a logarithmic scale is used on the y-axis).

3.2.2. Atomic force microscopy observations of colloidal aggregation of
MSH

We followed the development of topography of the MgO surfaces
reacted with MSH-supersaturated solutions (Table 3, Figs. 6-8).
Although significant structural differences are observed in FTIR as a
function of [Mg]/[Si] (Section 3.1), precipitate morphologies observed
in the AFM are indistinguishable for [Mg]/[Si] = 0.5, 1.0, and 1.5 (e.g.,
see Figs. 7, 8, and S4). The distribution of precipitates on the MgO
surface is not uniform. Particularly, for reaction durations <1 h, both
thin and thick precipitate films are evident from optical microscopy. The
predominant features depend on precipitate thickness. In thin areas, i.e.,
where the MgO surface can be easily discerned from the precipitate film,
triangular precipitates are common (Fig. 6). We assign these triangular
precipitates to brucite, which rapidly forms when MgO is exposed to
water [69], consistent with geochemical modeling and with observa-
tions from separate AFM experiments wherein MgO is reacted with DI
water in the absence of dissolved silicon (Fig. S5). Although the satu-
ration indices are greater for MSH phases than for brucite, the persis-
tence of brucite (for at least 2 h) indicates a strong kinetic control for

brucite precipitation. There may also be differences in the local super-
saturation with respect to brucite, particularly at the MgO-solution
interface where much higher [Mg2+] could persist [70,71].

Thicker precipitates are composed of clusters of spheroidal nano-
particles (<~100-200 nm in diameter) that form a densified film (~1.5
pm thick) over time (Figs. 7, 8). These features are reminiscent of foil-
like networks in CSH [72], although CSH networks are composed of
platy nanoparticles instead of globular nanoparticles as in MSH
[15,73,74]. We postulate that the fundamental building blocks of MSH
are smaller (on the order of 50 nm in diameter), as evidenced from AFM
images collected at initially undersaturated conditions (Fig. 9a). These
results support previous small-angle and wide-angle X-ray scattering
(SAXS, WAXS), and scanning electron microscopy (SEM) data that
reveal compactly packed polydisperse spheres that form fractal struc-
tures in MSH [73]. Interestingly, the gradual disappearance of grain
boundaries indicates that the nanoparticles not only aggregated but also
fused with no preferred orientations (Fig. 7b, c). Moreover, it is evident
from the microcracks that arise that the coalescence of nanoparticles did
not result in complete space filling (Fig. 7a, b). In general, these data
reveal a complex growth mode for MSH. They suggest that rapid pre-
cipitation at high initial saturation indices (Table 3) resulted in multiple
nucleation sites leading to the formation of several domains. Such
colloidal aggregates can be described as either colloidal crystals or
mesocrystals, depending on the presence of long-range order [75,76].
These MSH precursors are transiently stabilized, and undergo either a
solid-state transition to form larger particles or dissolution-
reprecipitation at grain boundaries through the occlusion of water
molecules within the nanopores [77-79]. Therefore, even in the absence
of additives, the abundance of highly hydrated Mg?* ions may have
resulted in the formation of gel-like crystallization precursors, i.e.,
prenucleation clusters [80], that are hygroscopic, resulting in increased
cohesiveness of the primary particles as has been shown for mixed metal
carbonates [77,81].

At longer reaction times, larger particles (~2 to 5 pm in diameter)
form and coalesce to create another layer on top of the previously grown
(“primary”) film (Fig. 8). The shift toward larger (micron-sized) primary
particles suggests that as dissolved ions are sequestered into the growing
solid and the SIysy of the solution decreases, fewer nucleation sites
develop. Furthermore, it appears that the secondary film is more
continuous (Fig. 8e, f). This implies that the primary film may serve as a
mediator for further growth of MSH on the MgO surface, which has been
previously shown for CaCOj3 in the presence of organic additives [82].
Similar to the observations for the primary film, grain boundaries along
micron-sized particles disappeared, perhaps through monomer-by-
monomer growth or recrystallization. These observations suggest that
the lower free energy of smaller particles [83] enabled the formation of a
metastable primary layer on which stable MSH microparticles form.
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Fig. 8. Atomic force micrographs of precipitate films grown on MgO (100) after reaction with an MSH-supersaturated solution containing [Mg] = 150 mM; [Si] =
100 mM ([Mg]/[Si] = 1.5) at 25 °C for (a) 30 min, (b) 60 min, (c-d) 90 min, and (e-f) 120 min. (d) and (f) show details of areas marked by yellow boxes in (c) and
(d). The images are collected where thick precipitate films are evident from optical microscopy. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Therefore, the AFM observations demonstrate the growth of MSH layers
via particle attachment, a non-classical pathway for crystallization and
an indication of structural hierarchy in MSH [84]. More work is needed
to determine various operative processes in both classical and non-
classical mechanisms of mineral precipitation that overlap in time and
space [84]. Significantly, the control of mesostructure has been
demonstrated for three-dimensionally ordered CSH mesocrystals lead-
ing to excellent bending strength [85].

While the formation of brucite in thicker precipitates cannot be
excluded because the growth solutions are supersaturated with respect
to both MSH and brucite, we argue that the mode of growth highlighted
in the AFM experiments in Figs. 7, 8, and 9 most likely pertains to MSH.
AFM observations provide evidence that both brucite and MSH are
present on the MgO surface, with brucite having a morphology that is
consistent with its crystallographic structure (Fig. 6), and MSH featuring
various morphologies that depend on the temperature and reaction
time. The presence of other crystalline phases besides MSH that is

consistent with peaks shown in the XRD data (Fig. S3) may correspond
to the Na- and O-rich crystalline-appearing phase observed using SEM
(Fig. S1). This phase has a plate-like morphology that is very distinct
from that observed in the AFM images showing nanoparticle aggrega-
tion in MSH (Figs. 7, 8). Furthermore, while amorphous silica and
brucite may have formed in small amounts, the following specific evi-
dence show that MSH is the dominant phase that forms: (1) FTIR and
XRD do not show significant amounts of brucite, and AFM shows that
any brucite that forms occurs as triangular precipitates on the MgO
surface; (2) XRD confirms the presence of MSH, but not silica; and (3)
EDS shows that the Mg to Si molar ratios of precipitates grown from
similar growth solutions as those used in the AFM experiments match
the Mg to Si molar ratios of the initial solutions, in agreement with
previous studies. These studies confirm that MSH is the dominant phase
that precipitates from solutions of sodium metasilicate and magnesium
nitrate, the same chemical precursors used in the present study [38].
These considerations imply that only small amounts of brucite and silica,
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Fig. 9. Atomic force micrographs of precipitate films grown on (a-b) MgO (100) after reaction with an initially undersaturated growth solution containing [Mg] = 0
mM and [Si] = 200 mM at (a) 80 °C for 4 h, and (b) 50 °C for 5 h and then placing in the desiccator for 63 days, and (c) mica (001) after reaction with a growth

solution containing [Mg] = [Si] = 200 mM at 25 °C for 1 h.

which will alter average Mg to Si molar ratios, are present. The specific
contributions of brucite and silica on the AFM observations need to be
further studied. This would require detailed analysis of temporally and
spatially resolved changes in the morphologies and compositions of thin
hydrated films deposited on single crystal substrates.

3.2.3. Oriented growth and crystalline MSH structures

Initially undersaturated conditions and higher temperatures (30 to
80 °C) resulted in monodisperse and oriented nanoparticles that fused to
form microparticles (Fig. 9a). Oriented attachment suggests crystallo-
graphic order, wherein primary particles attach to align specific crystal
faces [77]. This manner of growth resembles that operative for amor-
phous calcium carbonate nanoparticles grown on a calcite (CaCOs)
surface, in which oriented nanoparticles deposited layer-by-layer,
restructured, and then fused with the crystalline substrate [86]. Trian-
gular precipitates that are attributed to brucite (Fig. 6) were not
observed, signifying that the formation of MSH, perhaps M; sSH as
suggested by geochemical modeling (Fig. 4d), is preferred at high tem-
peratures. Higher temperatures and longer reaction times also resulted
in the formation of prismatic, faceted, and tabular grains that are as long
as a few microns, which indicates a high degree of crystallinity that is
consistent with homogeneously precipitated MSH under similar condi-
tions (Fig. 9b) [38]. Overall, these results suggest that at higher tem-
peratures, MSH forms ordered architectures, i.e., via oriented
attachment, and that these structures evolve to form crystalline MSH.
Oriented attachment of nanoparticles was also observed at low tem-
peratures (25 °C) when grown on mica (Fig. 9¢). These results imply that
the presence of a crystalline substrate may enhance crystallinity of MSH,
e.g., via templating [87].

4. Conclusions

We systematically characterized the chemical structure of MSH
formed from solutions of varying Mg/Si molar concentration ratios and
investigated precipitation pathways for MSH grown on surfaces of single
crystals. While this study is directed toward early precipitation (i.e.,
within minutes to a few days) instead of long-term (i.e., within several
days to months) progression of growth, the analysis presented herein
provides key insights into the effect of solution composition on growth
kinetics of MSH, which ultimately controls its binding and strengthening
ability. Specifically, the FTIR and geochemical modeling show that the
MSH silicate framework undergoes depolymerization with increasing
[Mg]/[Si]. AFM images reveal the persistence of MSH nanoparticles
which fuse to form discontinuous films. These observations at the
nanoscale to mesoscale reveal structural hierarchy in MSH, which can
lead to nanoparticle transformation into specific microstructures that
maximize macroscale performance. The unique ways by which MgZ*
ions may affect the hygroscopic character and cohesiveness of
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precursors hint at a potential for realizing alternative cements superior
to CSH with respect to durability and mechanical properties. Ongoing
work focuses on quantitatively characterizing the hierarchical structures
in MSH. In closing, we reveal the complexity of mineral growth partic-
ularly for semi-crystalline phases such as MSH. This same complexity
can be advantageous in exerting significant control over mineral pre-
cipitation and property evolution.
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