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Structure files (separate files): 
 

• St1: (1 × 1) nested H2O model (Fig. 1a). File name: "St1_1x1_nested.cif" 
• St2: (1 × 1) protruding H2O model (Fig. 2a). File name: "St2_1x1_protruding.cif" 
• St3: "stable √2" model (Fig. 4a). File name: "St3_stable_sqrt2.cif" 
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Section S1: Additional nc-AFM data and AFM simulations 

 
Fig. S1: Protruding water molecules at different tip-sample distances and coverages. (a–c) 
Consecutive nc-AFM images (6.1 × 6.1 nm2) taken with increasing tip–sample distance (20 pm between 
each frame) on a surface partially covered with protruding water molecules. Surface Ca atoms are 
faintly visible (yellow arrow); the protruding water (red arrow) sits at equivalent lattice positions. Some 
molecules (magenta double arrows) undergo changes in position between consecutive images. Insets: 
AFM simulations based on the model shown in Figure 2a of the main text (tip–sample distances in 
brackets). (d–f) 20.0 × 20.0 nm2 nc-AFM images of the cleaved surface after water exposure to (d) 0.32 
L (resulting in a coverage of 0.33 ML), (e) 0.48 L (0.55 ML), and (f) 0.64 L (0.75 ML). AFM parameters: 
(a–c) A = 200 pm, Vs = −10 V; (d) A = 540 pm, Vs = −10 V; (e) A = 580 pm, Vs = −10 V; (f) A = 480 pm, 
Vs = −10 V. 
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Figure S2: Mobility of water species within the "stripes". (a–d) Consecutive nc-AFM images (7 × 7 
nm2) of wollastonite (100) covered with 2.3 H2O molecules; the white square marks the (1 × 1)-unit cell 
in the same spot. Δt ≈ 12.5 min between successive images. (a) Dashed blue rectangles indicate 
stripes, while the dashed orange rectangle indicates a stable √2 patch.  A = 700 pm, Vs = −10.0 V, O-
terminated tip. 
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Figure S3: Increasing density of stripes. (a–d) nc-AFM images of wollastonite (100) with increasing 
coverages of water (doses in Langmuir, in addition to the nested water, are indicated at the top right 
corner of each panel). (a, b) 17 × 17 nm2 images showing the increasing density of the stripes with 
increasing coverage (the stable √2 patches are not resolved with this tip). (c) 90 × 45 nm2 image: The 
stripes often end at surface defects (arrows). (d) 22 × 11 nm2 image highlighting the coexistence of 
stripes (blue markings) and √2 patches (orange markings), which can be distinguished with this tip. 
AFM parameters: (a) A = 490 pm, Vs = −10.0 V; (b) A = 400 pm, Vs = –10.0 V; (c) A = 700 pm, Vs = −8.5 
V; (d) A = 480 pm, Vs = −3.5 V, Cu-terminated tip.  
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Figure S4: Relative alignment of different water structures. (a, b) 6.5 × 6.5 nm2 and (c) 19.0 × 19.0 
nm2 nc-AFM images of wollastonite (100) plus water at a coverage of 2.1–⁠2.4 H2O molecules per (1 × 1) 
unit cell. Doses in Langmuir, in addition to the nested water, are shown at the top-right corners of the 
corresponding panels. The dark spots with (√2 × √2)R45° periodicity are shifted with respect to the 
(1 × 1) unit cell (black grid); note that the magnitude of the apparent shift depends on the tip termination. 
Stripes and stable √2 patches are highlighted in blue and orange in panels (a) and (b), respectively; the 
tip in panel (c) does not distinguish between the (1 × 1) areas and the stripes. AFM parameters: (a) 
A = 700 pm, Vs = −3.5 V, Cu-terminated tip; (b) A = 700 pm, Vs = −10.0 V, O-terminated tip; (c) A = 350 
pm, Vs = −10.0 V, wollastonite-modified tip. 
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Figure S5: More details about the transition between the "stable √2" and the (2 × 1) structure. 
(a–c) 15 × 15, 19 × 19, and 23 × 23 nm2 nc-AFM images of coverages between 2.5 and 3.2 H2O 
molecules per (1 × 1) unit cell (doses in Langmuir, in addition to the nested water, are indicated in the 
top-right corners). (a) Slightly beyond the full "stable √2" pattern: Black lines highlight domain 
boundaries. (b) A preferential ordering along the [010] direction becomes apparent (see arrows). (c) 
Nearly complete (2 × 1) layer. AFM parameters: (a) A = 700 pm, Vs = −2.7 V; (b) A = 700 pm, Vs = 
−3.6 V; (c) A = 700 pm, Vs = −2.5 V; O-terminated tips. 

  



   
 

  7 
 

Section S2: Additional computational results 

 

Figure S6: Energetic preference for molecular water adsorption on the pristine wollastonite 
surface. (a–c) Initial unrelaxed configurations representing hypothetical dissociative adsorption states, 
with hydroxyl groups and protons coordinated to surface Ca ions and bridging or apical oxygens of silica 
tetrahedra, respectively. (a'–c') Final relaxed configurations obtained after DFT optimization at 0 K. 
Dissociated species spontaneously recombine into intact water molecules in (a') nested or (b') 
protruding configurations (magenta circles); (c') widely separated species remain dissociated (green 
circles). (d–f) Energy profiles along the relaxation path from the dissociated states (a–c) to the molecular 
states (a'–b') and hydroxylated state (c'). Transient energy spikes (yellow arrows) reflect conjugate 
gradient trial steps probing repulsive regions during O–H bond formation. Red arrows indicate the onset 
of molecular recombination. The nested molecular state is the most stable (dotted orange line), while 
protruding molecular and fully hydroxylated states are 0.32 eV/H2O and 0.71 eV/H2O less favorable, 
respectively. The significant energy gain upon water recombination (0.5–1.5 eV) demonstrates that 
molecular adsorption is favored over dissociation, in contrast to other silicate surfaces1 or wollastonite 
(001).2,3  
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Figure S7: Comparison of energetically similar water configurations for the "stable √2" and 
(2 × 1) structures. (a) Lowest-energy model and (b, c) two low-energy models for a coverage of 2.5 
H2O per (1 × 1) unit cell (black rectangle) in a (√2 × √2)R45° cell (orange rectangle), aiming to model 
the "stable √2" pattern observed experimentally. Orange arrows indicate the most protruding H2O 
molecule. (d) Lowest-energy model and (e, f) two low-energy models for a coverage of 4 H2O per (1 × 
1) unit cell in a (2 × 1) cell (magenta rectangle). Magenta and black arrows indicate the most protruding 
and the second-most protruding H2O molecules, respectively. Black ovals mark molecules arranged in 
distinct configurations among the different models. Because these molecules do not protrude from the 
surface, they remain undetectable in constant-height nc-AFM measurements. Relative energy 
differences per unit cell (ΔE) are shown below the corresponding models. Since these differences (<0.1 
eV per unit cell) lie within the typical accuracy limits of DFT for H-bonded systems,4 these configurations 
are degenerate within the error bars and may coexist in experiments at finite temperatures. 
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Figure S8: Lowest-energy model with a coverage of five H2O per (1 × 1) unit cell. Water molecules 
are arranged into an extended H-bonded network (marked by gray dotted lines). Although the initial 
adsorption geometries were generated through unbiased random sampling, the most favorable model 
exhibits one protruding H2O (red arrow) per unit cell bound to the Ca and H-bound to the apical oxygen 
of a surface silica tetrahedron. This suggests that this surface site remains active during water 
adsorption for all coverages above 1 ML, where not all H2O can be accommodated as nested water. In 
contrast to structures at lower coverage, a second H2O (purple arrow) donates a H-bond to the same 
apical oxygen. This second molecule adopts a horizontal orientation and fourfold coordination: donating 
two H-bonds (to the apical surface oxygen and a neighboring H2O) and accepting two (from a planar 
H2O and the nested H2O). Similar to the (2 × 1) structure (see Figure 5f), the nested water (black arrow) 
is involved in the H-bonded network and remains strongly bound to its site, indicating a preference for 
this configuration even at the high-coverage limit. The differential adsorption energy per water molecule 
is shown in Figure 5d.  
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Table T1: Experimental and calculated bulk properties of wollastonite. Lattice parameters (a, b, c, 
α, β, γ), unit cell volume, bulk modulus, and band gap obtained for different exchange–correlation 
functionals compared with experimental data. Experimental unit cell parameters were derived from XRD 
analysis5 at room temperature (RT), while the bulk modulus and band gap values were taken from 
Refs. 6,7, respectively. Brackets indicate relative errors in percent with respect to the experimental 
values. The PBE-D3 and r2SCAN+rVV10 functionals provide the most accurate description of the bulk 
phase (lattice parameters, bulk modulus, and band gap) within the GGA and metaGGA families, 
respectively. 
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Table T2: Surface water density for bulk ice Ih, silver iodide, and wollastonite. Comparison of 
surface unit cell dimensions, areas, and corresponding surface water densities for bulk ice Ih,8 (2 × 2)-
reconstructed AgI(0001) (a perfect ice nucleator), and (100)-oriented wollastonite (CaSiO3). Silver 
iodide promotes the growth of an epitaxial ice layer (11.0 H2O/nm2).9 Conversely, while a coverage of 
5 H2O per unit cell on wollastonite yields a similar surface water density (9.7 H2O/nm2), the rectangular 
and corrugated substrate geometry precludes planar epitaxy, driving the formation of 3D clusters.  
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