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Mineral dissolution is typically thought to occur by the detachment of monomeric
building blocks of the crystal structure, although direct evidence is rare. Using in situ
high-speed atomic force microscopy to examine step-edge retreat dynamics at high res-
olution, we report that the dissolution of gibbsite in alkaline solutions occurs mainly by
the release of aluminate dimers, which subsequently dissociate into the monomeric spe-
cies that dominate the solution. The observed dissolution anisotropy is readily explained
by this mechanism, which was further supported by density functional tight-binding
simulations of detachment activation energies. Recognition that such polynuclear disso-
lution mechanisms exist may enable an improved understanding of processes regulating
mineral dissolution rates in nature and industry.

mineral dissolution | atomic force microscopy | density functional tight-binding simulations |
machine learning

Mineral dissolution is a fundamental interfacial process with broad relevance across
materials science, earth sciences, and pharmaceutics (1). An in-depth understanding of
dissolution mechanisms is crucial for precision control in micro- and nanoscale etching,
the development of predictive models for weathering and carbon mineralization, and
the management of radioactive waste (2). Viewed through the lens of the terrace-ledge-kink
(TLK) framework, this understanding requires insight at the molecular scale into reactive
site structure (e.g., kink sites) (3) as well as the mechanism governing the detachment
and propagation of these sites (4, 5). Most dissolution models assume a monomer-by-
monomer detachment mechanism (5), where “monomers” include individual ions, ion
pairs, or monomeric aqua complexes. Despite advances in atomically resolved imaging
that now allow for routine characterization of kink site propagation (6, 7), direct evidence
of the detaching group of dissolution remains limited. This lack of direct evidence com-
plicates mechanistic interpretations, particularly for anisotropic dissolution patterns
observed at step edges. Accurately characterizing these anisotropic patterns requires
rationalizing the reactivity of specific surface-bound monomers, considering local struc-
tural interactions that extend beyond first-order neighbors (8—10), which implies the
dynamics of dissolution are constrained by the structure of multi-ion clusters rather than
monomers.

An alternative hypothesis, often overlooked, is the prospect that the detaching group
may exceed monomer size. Gibbsite (y-Al(OH);) dissolution in alkaline solutions provides
a case in point. In alkaline solutions, the equilibrium that defines gibbsite solubility is
simply AI(OH); (s) + OH™ = AI(OH),™ (aq), which entails a coordination change of Al
from octahedral in gibbsite to tetrahedral in the solubilized oxyanion (11-14). Despite
its apparent simplicity and relevance to alumina refining, nuclear waste management (15),
and Al-mobility in natural hyperalkaline environments (16), the underlying mechanism
of this transformation has been elusive. Macroscopic dissolution kinetics reported that
the dissolution rate depended on the concentration of A" in the solution to the powder
of two, hinting at a possible dimer-based dissolution mechanism (17), but direct evidence
is lacking.

The present study examines the dissolution of gibbsite in alkaline solutions, seeking to
isolate the molecular identity of the detaching group. The advent of high-speed atomic
force microscopy (HS-AFM) provides an opportunity to directly observe the dissolution
process at near-atomic resolution and timescales consistent with detachment events.
Through the integration of HS-AFM, machine-learning-assisted surface structure recon-
struction, bulk dissolution kinetics, and molecular dynamics simulations, we identify the
reactive sites involved in gibbsite dissolution in alkaline solutions. Our findings provide
clear evidence for a dimeric detaching group, offering a more straightforward explanation
for the observed dissolution morphology compared to the traditional monomeric disso-
lution model. These insights into dissolution take on added importance in understanding
the mechanisms of crystallization (4, 18, 19). In the last couple of decades, nonclassical
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Mineral dissolution is central to
weathering, reactive flow and
transport, ore processing, and
more. Interpreting observed
rates in terms of a molecular
scale dissolution mechanism
often requires assumptions
about the detaching group. The
finding that monomeric building
blocks can detach more readily
as pairs forces us to rethink
those assumptions and refine
mechanistic models to more
reliably predict dissolution rates
across a range of conditions.
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hierarchical crystallization pathways via attachment of dimers
(20-24), oligomers (25, 26), and particles (27, 28), instead of a
monomer-by-monomer attachment, have been widely reported
(28-31). The findings reported here extend recent studies demon-
strating dissolution by particle detachment (32) to yet another
hierarchical pathway and help reconcile the complex picture of
nonclassical crystal growth with what has, to date, been a much
simpler picture of dissolution.

Results and Discussion

Crystallographic Control of Gibbsite Anisotropic Dissolution. Well-
crystalline pseudohexagonal gibbsite nanoplates were synthesized
using methods previously reported (33, 34), as confirmed by
transmission electron microscopy (TEM) (Fig. 14 and SI Appendix,
Fig. S1) and X-ray diffraction (XRD) (S/ Appendix, Fig. S2). The
crystallographic orientation of these plates was determined from
TEM selective area electron diffraction (Fig. 14; for more details,
see SI Appendix, Supplementary Texr). Gibbsite is known for its
layered structure, where a single layer comprises hexacoordinated
AP cations occupying two-thirds of the octahedral interstices
between close-packed OH™ planes. This arrangement forms the
well-known honeycomb dioctahedral sheet, a major building
block for phyllosilicates. It exhibits a nominal trigonal symmetry
(Fig. 1B) (35). These AI(OH); layers are interconnected along the
stacking direction by hydrogen bonds and follow an AB-BA stacking
sequence (Fig. 1D). AFM images routinely revealed the presence
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of two growth spirals on the gibbsite (001) basal plane (Fig. 1C).
‘These spirals emanate from a central double screw dislocation, with
a Burgers vector equal to one unit cell (Fig. 1£). Similar screw
dislocations have been documented in natural gibbsite crystals (36)
and Bayer-process gibbsite (37), indicating that such defects are
ubiquitous in both geological and industrial settings. There are two
general types of step edge terminations observed for each gibbsite
layer (38): the “zigzag” type (consisting of the six equivalent edges
oriented perpendicular to the [1 0 0], [1 1 0], and [1 1 0] directions
or their inverses), and the “armchair” type (consisting of the six
edges oriented perpendicular to the [130], [0 1 0], and [1 3 0]
directions or their inverses) (Fig. 1F). The armchair terminations
are further divided into acute and obtuse types. This classification
depends on whether the outermost hydroxyl of the terminating
octahedra points toward or away from the surface (Fig. 1 D and
F). According to TEM and AFM images, gibbsite nanoplates have
zigzag terminations comprising the edge faces of the nanoplates.
We used in situ AFM to monitor gibbsite nanoplates dissolving
in NaOH solution at room temperature (Movie S1). After intro-
ducing NaOH, the step edges of two spirals continuously retreated
inward, reducing the height of the basal plane (Fig. 24). The step
heights associated with each spiral (0.5 nm) correspond to a single
layer of gibbsite (Fig. 2B). The patterns of dissolution remained the
same over the range of NaOH concentrations tested (0.01 M to 0.4
M), and we did not observe any opening of etch pits at the dislo-
cation or elsewhere on the crystal face (87 Appendix, Figs. S3-S6).

Fig. 1. Crystallography of synthesized gibbsite nanoplates. (A) Bright-field TEM image and selected area electron diffraction pattern; the scale bar in the diffraction
patternis 5nm™". (B) High-resolution TEM image of gibbsite basal plane shows the honeycomb pattern of the dioctahedral sheet. (C) AFM phase image of gibbsite
nanoplates on the TiO, (001) wafer. (D) Crystal structure of gibbsite sheets; the black box indicates the unit cell. (F) Sketch of screw dislocation of gibbsite with
Burger's vector equal to one unit cell. (F) Structures of gibbsite terminations: zigzag edge, acute armchair edge, and obtuse armchair edge.
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Fig. 2. Crystallographic control of gibbsite anisotropic dissolution in NaOH. (A) AFM height images of a single gibbsite nanoplate dissolving in 0.05 M NaOH
solution on TiO, (001) wafer. (B) Height profile of the gibbsite basal surface. (C and D) Contour plots of spiral 1 and 2 within one single period. (F and F) Apparent
direction-specific velocities of the step edges of spiral 1 and 2 as functions of step edge orientation. The average values and SD of velocities were measured
from more than 10 edges for each direction. (G and H) Sketches of the adjacent gibbsite single sheets (002) and (001), showing the structural transformation
of the edge from a zigzag type to an acute armchair type due to the preferential dissolution of the acute armchair. Hydrogen and oxygen atoms are hidden for

clarity. Red and blue arrows distinguish acute and obtuse armchairs, respectively.

To better elucidate the reactive sites and dissolution kinematics,
we constructed contour plots of two spirals as a function of dis-
solution time in various NaOH solutions (0.05 M) (Movie S2).
These plots (Fig. 2 Cand D) show the step edge evolution within
one single period and the apparent average retreat velocities (Fig. 2
Eand F) of two spirals as a function of orientation. The data show
that dissolution begins at the corners of two zigzag edges of each
layer. As this process progresses, straight armchair edges develop
due to their higher velocities, which gradually consume the zigzag
edges. Specifically, for spiral 1, the step edges in [1 3 0], [0 1 0],
and [1 3 0] directions dissolve preferentially (Fig. 2E), causing the
spiral to retreat inward and form an equilateral triangle spiral
(Fig. 2C). In contrast, spiral 2 evolves similarly but with the reverse
directional preference, namely [13 0], [0 1 0], and [1 3 0] (Fig. 2
D and F). We note that these dissolving step edges all have the
same armchair-type morphology (see sketch in Fig. 2 G and H).
Previous AFM observations (36) and molecular simulations (39)
show that the zigzag edges are more stable against proton or
hydroxyl attack than armchair-type step edges on the gibbsite basal
plane. However, our analysis presents a different perspective:
within a single layer, one-half of the armchair-type step edges
dissolve preferentially. Meanwhile, the apparent retreat velocities
of the opposite step edges are as slow as those of the zigzag edges
(Fig. 2 E and F). This same pattern of dissolution was observed
across a range of NaOH concentrations, from 0.01 to 0.2 M
(SI Appendix, Figs. S4-S6).

Our results shed light on the role of crystal symmetry in dictating
the complex kinematics of gibbsite dissolution. The anisotropic

PNAS 2025 Vol.122 No.41 2504109122

nature of this dissolution reflects the trigonal symmetry found in
the sheet structure of gibbsite. Specifically, the AB-BA stacking
configuration results in mirror-symmetric surface structures between
adjacent (0 0 1) and (0 0 2) layers along the crystallographic a-c
plane (SI Appendix, Fig. S7). Consequently, the anisotropic disso-
lution patterns observed in the adjacent spirals (Fig. 2 £ and F)
exhibit this same mirror symmetry. However, explaining the aniso-
tropic dissolution solely based on the crystal structure proves chal-
lenging, especially when considering it in traditional terms of a
monomer-by-monomer detachment mechanism. This challenge
arises because, in both zigzag and armchair edges, the Al octahedra
are linked to the crystal through two edge-sharing Al-(OH),-Al
linkages. These linkages possess equivalent geometrical structures,
which, according to the TSK framework, should result in similar
stability and dissolution rates. A more contextual understanding
emerges when we consider the aluminate dimer (Al-dimer) as the
fundamental reactive unit. Indeed, the dimer-like structure has been
viewed as the fundamental reactive unit in the ligand exchange of
MAI,; Keggin (40). As indicated in Fig. 1F, Al-dimers in zigzag
edges have three Al-(OH),-Al linkages to the crystal, whereas, in
armchair edges, Al-dimers are connected by only two Al-(OH),-Al
linkages, corresponding to the observed stability of zigzag edges.
Since the connections of armchair dimers and monomers with the
crystal are the same, the detachment of dimers from armchair edges
is likely more efficient. Crucially, the Al-dimers in opposing arm-
chair edges are not equivalent in their linkages with the crystal. This
difference results in the formation of obtuse- and acute-angled arm-
chair edges (Fig. 1 D and F). The kinematic features from AFM
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studies align with this understanding. The observed patterns in
AFM can be replicated if one type of armchair edge is kinetically
more favorable for detachment (Fig. 2 G and H).

Dimeric Aluminate as a Reactive Unit for Dissolution. To further
investigate the role of dimeric aluminate in gibbsite dissolution,
we employed high-resolution HS-AFM to closely observe the
retreat of step edges on the gibbsite basal plane ina 0.1 M NaOH
solution (Fig. 3A4). We observed that the step edge comprises long
[1 1 0] zigzag segments and shorter [1 3 0] armchair segments.
This composition was determined by examining the periodic
patterns on the terrace. Notably, the length of these armchair edges
corresponds to approximately 2 to 3 Al-dimers (Fig. 3B). During
the dissolution process, we noted that dissolution commenced
from the lower left armchair edges. It then propagated parallel
to the [1 1 0] direction, leaving the right zigzag edge—both
preexisting and newly formed—unreacted. This microscopic view
of dissolution kinematics indicates that the apparent retreat of
zigzag edges at the particle level is facilitated by the detachment
and subsequent propagation of Al-dimers (Fig. 3B). Consequently,
by considering the Al-dimer as the primary reactive kink site, we
find a simpler and more elegant explanation for the observed
complex dissolution behavior. Conceptually consistent with a TLK
picture, the detachment of Al-dimers at these kink sites creates
new kinks along the zigzag edge. This process is self-propagating,
continuously driving the dissolution forward.

Under different NaOH concentrations, the velocities of reactive
armchair edges exhibit a power law dependence on the activity of
OH™ with an exponent of 1.50 + 0.07 (S/ Appendix, Fig. S8). A
reaction order greater than one suggests that the dissolution of the
two Al ions in the dimer is interdependent (5, 41). Using a combi-
nation of liquid state 7 AINMR (S7 Appendix, Fig. S9) and Raman
spectroscopy (SI Appendix, Figs. S10 and S11), we monitored gibb-
site dissolution in 0.2 M NaOH without the formation of new solid
phases (e.g., boechmite and other aluminum hydroxide polymorphs)
in which the dissolution kinetics followed pseudo-second-order rate

dependence on the concentration of AI(OH),™ as reported previ-
ously (ST Appendix, Supplementary Text) (17, 42). This second-order
dependence provides macroscopic evidence for a growth and disso-
lution mechanism based on the attachment and detachment of
dimeric aluminate, as opposed to monomeric aluminate.
Mechanistically, this could arise from two scenarios. The dimer
(Alz(OH)Sz_) detaches as one unit into the solution through two
consecutive OH attacks, followed by dissociation into two soluble
Al(OH),” monomers in the bulk solution when [Al] is less than 0.5
M (43). The second step is kinetically favorable due to the low
activation energy (2 kecal/mol) required (44). Alternatively, one
monomer (AI(OH),") in the dimer can begin to detach first, leaving
the remaining monomer with only two Al-O-Al bonds connected
to the crystal, resulting in a faster dissolution rate so that they are
effectively removed as a pair. This would comprise an example of
A-B type crystal dissolution, where the distinction between A and
B is due to the difference in lattice site, rather than the difference
in atom type.

Utilizing atomic-resolution HS-AFM, we capture metastable
intermediate states during the dissolution process. As shown in
Fig. 44, the formation of an etch pit on a terrace is observed in a
0.01 M NaOH solution. Due to the high curvature of the small
etch pit, the dissolution rate is slow enough to observe the dynamic
process of clusters during dissolution, compared to the straight
edges. Initially, the surface is a defect-free gibbsite basal terrace. After
the first 200 s, we observe the nucleation of an etch pit. The lattice
fringes are distorted around the step edges. By At = 210 s, ion
clusters begin to form adatoms at the [0 1 0] step edge (indicated
as an arrow), likely through the flipping of partially disconnected
clusters. The attached ion cluster diffuses along the [0 1 0] direction,
as observed at At = 215 s, before detaching at At =240 s.

To reveal the atomic-level dynamics of intermediate clusters,
reconstructing the atomic surface structure from AFM images is
essential. However, the convolution of the AFM tip into the AFM
data and the surface structure’s complexity make precise recon-
struction challenging. To address this uncertainty, we employed a
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Fig. 3. High-resolution AFM reveals atomic-scale features of step edge retreat. (A) Retreat of the step edges on the gibbsite basal plane in a 0.1 M NaOH solution.
(B) A sketch illustrating how the dimeric aluminum self-generates through dissolution and propagates along the zigzag-type edge.
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Fig. 4. High-resolution high-speed AFM and machine learning reveal metastable clusters during etch pit formation. The height AFM images of opening etch pit
(A), U-net prediction overlaid tracked Al position (B), and the AFM data overlaid with tracked Al position (C). The adatoms are indicated by arrows in AFM images

and by cycles in the image of tracked Al positions. The scale bar is 2 nm.

machine learning (ML)-assisted method to reconstruct the surface
structure using a simulated AFM images dataset that accounts for
the interaction between Si tips and the gibbsite surface (see
SI Appendix, Supplementary Text for details). The CLAYFF force
field (45) was used to calculate the force-distance (F-z) curve as
the sum of the interaction forces between the tip atoms and gibb-
site surface atoms (S Appendix, Fig. S12), considering only the
z-direction component of the force. The simulated noise-free AFM
images were generated based on the zero-force point of the F-z
curve for each pixel, maintaining the same spatial resolution as
the experimental images. We also modeled the noise-forming
mechanisms in AFM to make the simulated images more compa-
rable to real data by applying a sequence of Gaussian noise, ani-
sotropic offsets, Gaussian blur, additional Gaussian noise, and
random bright/dark oval patches (as specified in ST Appendix,
Fig. S13). The architecture of the U-Net used in this work is
shown in SI Appendix, Fig. S14, and the model training was car-
ried out using TensorFlow and Keras. After U-Net prediction, the
model outputs the Al positions as a probability map, from which
positions are extracted by identifying local maxima and applying
a threshold of 0.15 to filter out prediction noise. Examples of the
model’s performance on the validation set and real data
(SI Appendix, Fig. S15) demonstrate that the ML model can accu-
rately reconstruct the positions of Al atoms on terraces, step edges,
and even adatoms.

The tracked Al positions during etch pit formation, along with
those overlaid with AFM data, are shown in Fig. 4 Band C, respec-
tively. As indicated by the white circle, the adatoms occupy the
Al-dimer positions along the armchair edge, supporting the conclu-
sion that Al dimers can indeed dissolve via the flip-diffuse-detachment
mechanism within the TLK framework (Fig. 44). Notably, the width

PNAS 2025 Vol.122 No.41 2504109122

of these ion clusters ranges from 0.5 to 0.6 nm, which aligns with the
dimer width, measured at approximately 0.55 nm. These results imply
that the Al dimers appear to be metastable on the surface without
undergoing dissociation before detachment. However, the precise
energy landscape governing the release of surface-diffusing dimers
remains unclear. Furthermore, why one configurational arrangement
of dimers dissolves preferentially over another is stll not fully
understood.

Anisotropic Detachment of Aluminates from the Acute and
Obtuse Side. To interpret the experimental observations of the
dissolution of armchair edges, we employed density functional-
based tight-binding (DFTB; see details in S/ Appendix,
Supplementary Text) molecular dynamics simulations with a
gibbsite surface pit/solution model (Fig. 5 and SI Appendix,
Figs. S17-819), exploring the free energy landscape of aluminate
dimer/monomer detachment from the armchair edges on
the (002) plane. We separated the treatment of the monomer
detachment and that of the dimer detachment by constraining the
Al-Al distance during the dissolution of the dimer. Of course, the
detachment coordinate (here the height) could be coupled to the
separation of the dimer into monomers, but the two-dimensional
mapping of the free energy landscape would be computationally
intractable even at the DFTB level. The detachment of the Al
dimer results in the presence of two five-coordinated Al sites, less
thermodynamically stable than the six-coordinated sites (38, 39),
yet change in coordination is a rare event. While "H-"’Al CP-MAS
NMR could be envisioned for detecting such surface species [as
it can be for materials like the allophane layer of aluminosilicates
(46)], it would not be surface-selective for gibbsite due to its
ubiquitous bulk hydroxyl groups, although direct polarization
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Fig. 5. DFTB simulation of the detachment of aluminate dimer and monomer from armchair step-edges on gibbsite (002) plane. (A) PMFs of an aluminate dimer
detaching from opposite [010] and [0 1 0] step edges; The shading in the plot indicates the SD; The initial state (p,), metastable state after breaking the first two
Al-OH-Al bridges (p;) and the third bridge (p,), and the final product completely detached (ps) are shown by arrows. (B) PMFs of an aluminate monomer detaching
from opposing [010] and [0 1 0] step edges. (C) Snapshots of pg, p;, P2, and p5 in molecular simulation of detachment of dimer. (D) The Al-OH-Al linkage network
that faces the underlying gibbsite sheet shows the structure difference of first breaking linkage of opposing armchair step edges.

*”Al MAS NMR has identified trace amounts of penta-coordinate
Al in dried gibbsite powder (47). Therefore, two hydroxide
(OH") anions present in the solution before the Al detachment
are manually attached to the Al sites following the disruption of
the initial two bridges. The potentials of mean force (PMF) for
the detachment of an aluminate dimer from the opposite sides
of [010] step edges (Fig. 5A) effectively distinguish the dimer
detachment process on opposite sides of a surface trench. The
results reveal an energy barrier of approximately 15.1 + 0.3 keal/
mol at the acute edge for the aluminate dimer to flip up (the first
and largest one); this involves the simultaneous breaking of the
bottom two Al-O bridges [Fig. 5C (p1)]. Conversely, at the obtuse
side, the energy barrier for dimer flipping increases to around
24.0 £ 0.3 kcal/mol, with the first two bridge breakages occurring
sequentially without a stable intermediate state. Rotating the unit
cell allows for the construction of a trench with another armchair
edge using the same approach, and the PMFs are calculated for
this configuration as well. A similar trend is observed at [3 10]
edges, with the dimer detachment at the acute edge having a lower
energy barrier compared to that at the obtuse side, consistent with
the findings for the [0 1 0] trench (SI Appendix, Fig. S20).

To determine whether the anisotropic dissolution of armchairs
occurs via a monomer-by-monomer mechanism, we simulated the

https://doi.org/10.1073/pnas.2504109122

detachment of monomers from acute [0 1 0] and obtuse [0 1 0]
armchair edges, examining corresponding PMFs. The results show
consistent free energy profiles for the detachment of two mono-
mers with close but higher energy barriers (16.9 + 0.5 and 18.3
+ 0.9 kcal/mol) than that of the dimer detachment from the acute
edge (Fig. 5B). Taking the ratio of monomer-to-dimer detachment
rates to be given by exp(-AF’ /RT)/exp(-AF /RT), where AF,
and AF”, are the first, rate-limiting free energy barriers to acute
edge dimer and acute edge monomer detachment, respectively,
indicates that over 95% of the initial detachment event will be
that of the dimer at acute. On the contrary, on the obtuse side the
likely mechanism is the monomer detachment (AF"=18.3+0.9
keal/mol) rather than the dimer detachment (AF' = 24.0 + 0.3
kcal/mol). Therefore, the 3.2 kcal/mol difference in free energy
barriers for dissolution between the acute and obtuse sides, as
predicted by simulations, indicates that the dissolution rate of the
acute side is two orders of magnitude faster than that of the obtuse
side. This prediction closely aligns with the one-order-of-magnitude
difference in apparent dissolution rates observed in AFM studies
(SI Appendix, Fig. S8). Notably, the activation barriers estimated
from PMF simulations (15 to 24 kcal/mol) fall within a realistic
and experimentally reported range for gibbsite dissolution pro-
cesses (11 to 32 keal/mol) (17, 42, 48-50), supporting the physical
relevance of the simulated detachment mechanisms. These results
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show the dimeric detachment from the acute armchair is the key
to replicating the anisotropic dissolution of the gibbsite and kinet-
ically supports the dimeric detachment mechanisms.

To gain chemical insight into dissolution anisotropy, we per-
formed a detailed analysis of the edge structures, focusing on the
breaking of the first two Al-O bonds that constitute the rate-limiting
step, given that the bond-breaking rates at >Al-u,-OH-Al< bridges
of MAl,, Keggin-type polyoxometalate are highly sensitive to bond-
ing details (3, 40). The six-coordinated edge Al atoms use their 3p
orbitals to bond with the first-coordinated O atoms. Notably, there
are two general types of OH groups based on the formal charge
analysis at the edges: bridge u,-OH with a formal charge of -0.5,
and dangling n-OH with a formal charge of -1 (Fig. 5D). For both
acute and obtuse armchair edges, the first bridges to break during
dimer detachment are the lower two Al-OH-Al bridges that face
the underlying gibbsite sheet. At the acute edge, these Al-O bridge
bonds are positioned #7ans to the edge’s dangling OH groups (-1).
In contrast, at the obtuse edge, the first two bonds to break are zrans
to the bridge OH groups (-0.5) between the two edge dimer Al
atoms. On the acute side, the imbalance of the OH groups at the
transposition of the edge Al site causes polarization in the Al
p-orbital: more electron density is present on the OH (-1) side,
indicating stronger bonding, while less overlap occurs at the OH
(-0.5) side with the edge Al, signifying a weaker bond connecting
the dimer to the edge. As a result, these bonds are more likely to
break at the acute edges, leading to a lower energy barrier and,
consequently, a faster dissolution rate. To complement this orbital
description, we sampled the two lower bridge Al-O bond length
distributions at both edges within a 100 ps molecular dynamics run
[visualized using boxplots (S Appendix, Fig. S21)]. The Al-O bonds
at the acute edge are generally longer than those at the obtuse side
which agrees with the “#rans effect” hypothesis that the Al-O bonds
trans to the dangling OH- are weakened (51, 52).

From the above findings, we conclude that the Al-dimer is the
reactive unit for the dissolution of gibbsite in alkaline solution
and is the complement to crystallization via attachment of poly-
nuclear clusters reported for calcite (24). The general importance
of anisotropic dissolution of Al-dioctahedral sheet for
Al-octahedra-containing phyllosilicates, including muscovite (53),
illite (54), and apophyllite (55), is clear from previous observations
of a characteristic interlaced pattern connecting adjacent layers of
dissolution spirals. Our results can help to rationalize the obser-
vations of anisotropic dissolution of a wide range of minerals
containing Al octahedra (56, 57). On the other hand, our results
may also provoke conceptual models of mineral dissolution/
growth via dimers or oligomers. The physical adsorption of solutes
on mineral surfaces could create a local concentration of mono-
mers high enough for dimers/oligomers to be thermodynamically
stable (28, 58), where the dissolution/growth is kinetically favora-
ble through detaching/attaching of polynucleate complexes (24).

In interfacial chemistry, characterization of metastable inter-
mediates during dissolution, nucleation, and growth is the key to
understanding reactive sites and fundamental dynamics. The
results presented here demonstrate that HS-AFM can now be
integrated temporally and spatially with theoretical simulations
based on first principles and enhanced sampling methods, offering
a paradigm for the study of fundamental interfacial reaction
mechanisms.

Materials and Methods

Synthesis of Gibbsite Nanoplates. Gibbsite nanoplates were synthesized
using a two-step method (33). Specifically, 0.25 M aluminum (AI) [AI(NO5)5-9H,0,
>98%, Sigma-Aldrich] was dissolved in deionized water (18.20 MQ/cm) with
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stirring, and the pH was adjusted to approximately 5.0 by adding a 3 M sodium
hydroxide (NaOH) (=98%, Sigma-Aldrich) aqueous solution. The resulting solu-
tion was continuously stirred for 1 h and then centrifuged to collect gel-like pre-
cipitates. The gel was washed three times with deionized water and dispersed
into deionized water to create 0.25 M-Al suspensions. Subsequently, 16 mL of
the gel solution was transferred into a 20 mLTeflon vessel, which was then sealed
withina Parr bomb and heated at 80 °Cfor 5 d. Finally, the resulting white product
was collected by centrifugation, washed three times with deionized water, and
dried at 50 °C overnight.

Solids Characterization. XRD patterns were obtained utilizing a Philips X'pert
Multi-Purpose Diffractometer (PANalytical, Almelo, The Netherlands) outfitted
with a stationary Cu anode running at 50 kV and 40 mA. The XRD patterns were
documented within a 10 to 70° 20 range. Phase identification was accomplished
through the application of JADE 9.5.1 (Materials Data Inc.) and the 2012 PDF4+
database from the International Center for Diffraction Data. TEM samples were
prepared by dispersing in deionized water through 5-min sonication and sub-
sequently dropping the resulting mixture onto copper grids (Lacey Carbon, 300
mesh, Ted Pella, Inc.). The grids were then air-dried underambient conditions. An
aberration-corrected FEITitan field emission TEM was employed to carry out the
TEM analysis, with all samples being imaged at an acceleration voltage of 300 kV.

In Situ AFM. Before preparing the AFM samples, the gibbsite suspension
was washed with ACS reagent pure water (LP366, Honeywell) three times by
centrifuge to clear the possible dissolved free Al ions or other contaminations.
The substrate TiO, (001) wafer was also cleaned by plasma for 5 min. TiO, was
selected as a substrate because they are stable under the alkaline solution we use
(59). Around 50 pL, 20 mg/L gibbsite suspension was dropped on the TiO, (001)
wafer. Then we blow-dried the wafer using compressed ultrapure (>99.99%) N,
gas to clean the particles that were not physically adsorbed to the substrate, to
avoid the particle drifting during AFM measurement. We used Cypher VRS AFM
to perform all AFM measurements under a static solution at 20 °C within an
air chamber to avoid the evaporation of the solution. More than 100 uL NaOH
(=98%, Sigma-Aldrich) aqueous solution (LP366, Honeywell) was dropped on
the wafers. Therefore, the total concentration of Al on the wafer is less than 0.13
mM, which makes sure the solution is far from saturation even if all particles are
dissolved in 0.1 M NaOH. The FASTSCAN-B AFM tips (Bruker Inc.) with a spring
constant of 1.8 N/m were utilized here. To evaluate the dissolution kinetics of
gibbsite atvarious NaOH concentrations (0.01 to 0.4 M), the AFM tip was brought
to the sample surface using the amplitude mode, and the scan rate for dissolution
kinetics images was set to 2 Hz (128 s perimage). The scan was conducted over
20 min, resulting in more than 10 images (256 x 256 pixels) to calculate the
dissolution rate. Additionally, high-resolution images of gibbsite were obtained
by scanning the AFM tip over a 20 x 20 nm” area at a scan rate of 2 to 14 Hz
(18 to 128 s per image). The AFM images were analyzed by using the software
Gwyddion 2.63 (60) and the software ImageJ (61). The dissolution rates of the
step edges at 0.4 NaOH are not measured because the retreat velocity is too fast
to follow the single change of a single edge.

In situ 27Al NMR and Raman spectroscopy. In situ >’Al NMR spectroscopy was
used to characterize dissolving A(OH), ™ ions from 1 g/L gibbsite in 0.2 M NaOH
at 20 °C. First, a concentration calibration curve was prepared. Gibbsite (1 g/L)
was dispersed in 0.2 M NaOH at 20 °C. After approximately 1 d, the sample was
filtered. Samples were prepared via serial dilutions with 0.2 M NaOH solution.
The concentrations of AI(OH), in this serial dilution series were then determined
with Inductively Coupled Plasma Optical Emission spectroscopy. Then 2’Al NMR
spectroscopy was performed on the dilution series of varying concentrations of
Al(OH), ionsin 0.2 M NaOH to validate the linearity of the integral to the concen-
tration of Al(OH), . The samples were contained in fluorinated ethylene polymer
coaxial inserts placed into 5 mm outer diameter NMR tubes. After acquiring NMR
spectra for this dilution series of varying concentrations and validating linearity
of concentration versus signal integral, in situ *’Al NMR data were acquired by
dispersing 1 g/L of gibbsite in 0.2 M NaOH, loading this dispersion into a fluori-
nated ethylene polymer coaxial insert, which was then placed into a 5 mm outer
diameter NMR tube and then immediately placed into the NMR spectrometer.
For both the calibration series and the in situ NMR experiment, single pulse
direct excitation /Al NMR spectra were acquired on an 11.74TNMR spectrometer
equipped with a broadband probe. At 11.74 T, the Larmor frequency of “/Al is
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130.287 MHz. Spectra were acquired with an excitation pulse width of 13.75 us
equivalent to a =/2 pulse length, at an acquisition time of 200 ms enumerated
with 5,209 complex points, a recycle delay of 250 ms, a sweep width of 26041.7
Hz, and with 16 transients for the in situ data leading a total acquisition time per
data pointof 8 5. For the calibration curve, the same parameters were used except
that 128 transients were acquired for each concentration. Postacquisition process-
ing was performed in Mestrenova (version 14.01-23559, released 2019-06-07,
Mestrelab Research S.L.) where the spectra were zero-filled to 16,384 complex
points and 5 Hz of exponential line broadening was applied. The baseline was
corrected using a Whitaker smoother routine, and the integral of the signal was
determined numerically.

Raman spectroscopy was used to monitor the phase change of solids during
dissolutions. Raman spectra were acquired with a Horiba LabRam HR spectrom-
eter installed on an inverted optical Nikon Ti=E microscope using a 632.8 nm
HeNe laser light source.

Surface Structure Reconstruction from AFM Image Assisted by ML. A cus-
tomized MLbased tracking algorithm with a customized pretrained U-Net neural
network was used to track the Al atom positions from AFM following our previous
work (62). In typical image processing, the raw images (256 x 256 pixels) were
cropped into 128 x 128-pixel blocks as input to the U-Net. A customized MATLAB
code was used to perform an eight-times-up sampling to the prediction results
and to identify the aluminum with a pattern-matching method.

One critical factor of neural network performance is the preparation of training
datasets. To generate realistic AFM images with ground truth of Al atom posi-
tions, we developed a workflow to simulate AFM images based on atomic models
of gibbsite (001) surface and Si tip. We used the CLAYFF force field (45) in the
interaction calculation, and the zero planes of the z-direction force component
then proceeded in the image simulation, to further add thermal noise and scan
noise textures (detailed in S/ Appendix, Supplementary Text). A few examples of
simulated images are shown in S/ Appendix, Fig. S15.

As the pixel size in our datais 0.78 A, ~40% of Al-0 bond length, predicting the
Al position in pixel size level is not good enough. As an alternative to conventional
binarization, we encoded the ground truth of the Al atom position as an image,
with each Al atom as a 2-dimensional isotropic Gaussian peak with a sigma of
0.5 (SI Appendix, Fig. S16). Instead of conventional binarization of an image, we
use the U-Net to predict continuous values and reconstruct the Al atom position
with an eightfold up-sampling using the pattern convolution method. The small
positional error on the validation dataset indicates that the model is well trained
(51 Appendix, Fig. S16).

Development of the DFTB Model.

Parameterization. Building upon previous work for aluminate dimerization (63),
our SCC-DFTB set for Al reactivity in aqueous conditions was refined. The training
set now includes DFT and DLPNO-CCSD(T) reaction energies in implicit water
solvation. The following transformations were considered in the fit.

Chemical reactions. Monomer dissociation from a zigzag edge cluster model
(relaxed energy scan):

AI(OH); = AI(OH); + OH~, (1]
AI(OH); + H,0 = Al(OH);H,0, [2]
AI(OH); + OH™ = AI(OH)s, [3]

2 AI(OH); = Al,(OH); + OH™, [4]
2 AI(OH); = Al,(OH), +2 OH", (5]
2 AI(OH); = Al,O(OH),™ + H,0, [6]
2 AI(OH), = Al,(OH):™, 7

3 AI(OH); = Aly(OH), + 3 OH™, (8]
4 AI(OH); = Al,(OH), + 4 OH", [91

https://doi.org/10.1073/pnas.2504109122

Hydrogen bonding:
2 H,0 = (H,0),, [10]
6 H,0 = (H,0),, [11]
2 AI(OH); = (AI(OH);),. [12]

Allthe geometries were obtained using M06-2X-D3/def2-TZVPPD and DFT electronic
energies were obtained at the DLPNO-CCSD(T)/aug-cc-pVTZ level except for the mon-
omer dissociation that was obtained using M06-2X-D3/def2-TZVPPD. All DFT calcu-
lations were done using the SMD solvation model (64) for water and employed the
ORCA code (65). The following procedure was employed for DFTB parameterization:

(i) Afirstfitwas performed to obtain the integral tables for each element-element
pair. Using the Hotbit code (66), radii of the harmonic potentials used to confine
the pseudo-atomic orbitals were fitted based on a subset of the training set.
Repulsive potentials of all the pairs except Al-0 and O-H were generated using
the same code.

(ii) Foraseries of fixed values of y,  [the damping term for X-H pairs (67)], Hubbard
parameters and parameters of the Al-O and O-H repulsive potentials of the form
exp (—aqr + a,) were fitted by minimizing the atomic forces of the DFT-optimized
molecules and the error in reaction electronic energies. The v, ; value leading to
the correct liquid water density and to the gibbsite lattice parameters the closest
to the experiment was retained. The fit was performed using an in-house script
and employed a Nelder-Mead minimizer (68). DFTB calculations employed the
SMD solvation model and were performed using GAMESS-US (69).

Finally, to make it continuous at the upper cutoff for molecular dynamics, the repul-
sive potential was augmented by piecewise polynomial splines.

Validation. After parameterization of the DFTB model, umbrella sampling (US)
was performed using the Al-Al coordination number (CN(AI-Al)) as the biased
collective variable (CV) to sample the start of the dissociation of a monomer
from a zigzag step edge and armchair step edge in pure water using starting
structures from previous work (39). CN(AI-Al) was restrained to values rangigg
from 4.0to 5.0 by increments of 0.7 using a force constant of 500 kcal/mol/A®.
The same procedure was performed using ab initio molecular dynamics with
the RPBE-D3 (70, 71) functional and the TZVP-MOLOPT-SR-GTH (72) basis
set. Both sets of simulations were performed in CP2K (73) and PLUMED (74)
was used to apply the harmonic restraints. S/ Appendix, Fig. S17 shows that
after shifting the DFTB potential of mean force along CN(AI-Al), the change
in free energy is almost identical to the DFT one. The different location of the
minima is simply due to slightly different positions of one gibbsite layer with
respect to the other one, since the switching function for CN(AI-AI) [1 = (r/r,)
NN)/(T = (r/r)MM)] with r0 = 4.0 A NN =9,and MM = 14, includes second-
neighbor contributions.

To assess the ability of the DFTB model to capture trends in gibbsite detach-
ment energies, we performed a series of static calculations using both DFT and
DFTB to evaluate the dissociation of aluminum units from four distinct sites on a
cluster model of the gibbsite sheet, incorporating SMD implicit solvation. Using the
r?SCAN-3¢ DFT functional (75), the distances between the dissociating Al and two
other Al atoms were constrained and scanned overa range encompassing the non-
dissociated state and the first dissociation barrier. The geometry was relaxed at every
step. Electronic energies were then computed using DFTB and four different DFT
functionals with the ma-def2-TZVPP basis set: r"SCAN-3¢ (meta-GGA), M06-2X-D3
(hybrid meta-GGA)(71,76), ®B97M-D4 (range-separated hybrid meta-GGA)(77),
and revDSD-PBEP86-D4 (spin-component-scaled double-hybrid GGA) (78). The
respective WTMAD-2 errors for the general chemistry GMTKN55 benchmark data-
base (79) are 7.5(75), 5.0 (79), 4.1 (77), and 2.1 (78) kcal/mol, respectively. The
energy profiles for the four sites and the corresponding energy barriers are shown
in SI Appendix, Fig. S18. The mean absolute deviations of the barriers relative to
revDSD-PBEP86-D4 are 4.1,1.5, 4.2, 0.3 keal/mol for DFTB, ’SCAN-3¢, M06-2X-D3,
and @B97M-D4, respectively. These results indicate that the DFTB model achieves
a barrier prediction accuracy comparable to that of M06-2X-D3, a widely used and
reliable hybrid functional (79). This comparison supports the reliability of our DFTB
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model in predicting free energy barriers for Al unit dissociation from gibbsite step
edges underaqueous conditions.

US Simulations of Dissolution Based on the DFTB Model. We introduce DFTB
simulations utilizing a gibbsite surface pit/solution model. These simulations are
aimed at exploring the dissolution kinetics of aluminate dimer and monomer
detachment occurring at the armchair edges: [010]and [3-10] on the (002) plane.

The surface consists of two gibbsite layers, with the bottom layer representing
the complete gibbsite bulk. To mimic the step-edges structure observed in AFM
images, several columns of AI(OH); units were selectively removed along specific
directions ([010] or [310]), creating a trench. This approach is consistent with our
previous work (39). For the investigation of dimer detachment, only the armchair
edges are considered. The aluminum atoms at these edges are saturated by OH™
groups, representing a high pH condition (80). Then a slab of water is added into
the system and an NPTrun is carried out for more than 8 pstill the volume becomes
stable, additional more than 10 ps NVT simulation is performed to pre-equilibrate
the system before the US simulations. The detachment of the Al dimer results in the
presence of two five-coordinated Al sites, less thermodynamically stable than the
six-coordinated sites (30, 32), yet change in coordination is a rare event. Therefore,
two hydroxide (OH-) anions present in the solution before the Al detachment
are manually attached to the Al sites following the disruption of the initial two
bridges. The overall charge of the system is —10, with eight OH™ ions bonded to
the edge aluminum sites and two OH™ fons present in the solution. Considering
the thick water layer (>10 A), coulombic effect would be greatly reduced by the
water molecules’ orientation rearrangement and will barely affect the dimer/mon-
omer detachment process. For the cases of monomer detachment, one additional
OH™ anion is introduced to the solution to restore the edge aluminum sites after
monomer detachment. The simulation box dimensions are 17.48 A x 20.45 A x
19.25 A, which includes over 10 A of water in the bulk region after undergoing
pre-equilibration through NPT ensemble simulations.
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In our study, we employ the relative height between the center of mass of the
studied Al atom(s) and the remaining Al atoms in the gibbsite slab as the CV for
conducting US simulations. All the simulations are performed with CP2K code
(73). Proper harmonic restraints through the PLUMED interface are applied to
ensure the proper restraint of the CV within each window as well as sufficient
sampling overlap among the windows (74). Each window involves NVT simu-
lations exceeding 46 ps, employing the Nosé-Hoover thermostat (81, 82). The
simulations are performed with a time step of 0.5 fs, and the final 18 ps of the
trajectories are utilized to reconstruct the PMFs. The 18 ps trajectories are split
into three 6 ps blocks to confirm the convergency of PMFs and to calculate the
error bars as shown in the PMFs plots. The PMF reconstruction is achieved using
Grossfield's weighted histogram analysis method code (83).

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information. The Jupyter Notebook Python script
of a U-Net training example can be found on GitHub: https://uofi.box.com/s/
k45wffrq3xf04taa7yeir19cqijyt7of (84).
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