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Determining the structure of water adsorbed on solid surfaces is a
notoriously difficult task and pushes the limits of experimental
and theoretical techniques. Here, we follow the evolution of water
agglomerates on Fe3O4(001); a complex mineral surface relevant in
both modern technology and the natural environment. Strong
OH–H2O bonds drive the formation of partially dissociated water
dimers at low coverage, but a surface reconstruction restricts the
density of such species to one per unit cell. The dimers act as an
anchor for further water molecules as the coverage increases,
leading first to partially dissociated water trimers, and then to a
ring-like, hydrogen-bonded network that covers the entire sur-
face. Unraveling this complexity requires the concerted application
of several state-of-the-art methods. Quantitative temperature-
programmed desorption (TPD) reveals the coverage of stable struc-
tures, monochromatic X-ray photoelectron spectroscopy (XPS) shows
the extent of partial dissociation, and noncontact atomic force
microscopy (AFM) using a CO-functionalized tip provides a direct
view of the agglomerate structure. Together, these data provide
a stringent test of the minimum-energy configurations deter-
mined via a van der Waals density functional theory (DFT)-based
genetic search.
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The ubiquity of water in the ambient environment ensures that
its interaction with solid surfaces is of fundamental impor-

tance (1). To understand processes such as dissolution, corrosion,
and weathering at the molecular level requires an understanding
of how water adsorbs on surfaces, and what governs their re-
activity. Atomic-scale investigations on single-crystal samples
have revealed that interfacial water almost never forms an ice-like
structure (2) and aims to simultaneously maximize its interaction
with the surface and intermolecular hydrogen bonding (H bonds).
The surface and hydrogen bonds have similar magnitude on
metals, and the adlayer is often stabilized if some fraction of the
water dissociates (2). This body of work has culminated in the so-
called “2D ice rules” (3, 4), which suggest that water likes to form
closed-looped structures and prefers to adsorb atop metal atoms,
and each molecule donates and accepts a single hydrogen bond in
a stable structure.
The situation is somewhat different on metal oxides, where the

water–surface bonds are significantly stronger than hydrogen
bonds. It has long been established (5) that the lone pair on the
oxygen atom forms a strong dative bond with electron-deficient
cation sites, and that surface defects are active sites for dissoci-
ation (6). On particularly reactive surfaces such as ZnOð000�1Þ
(7) and Cr2O3(0001) (8, 9), dissociative adsorption occurs,
leading to the adsorption of terminal (OwaterH) and surface hy-
droxyl groups on cations and anions, respectively. The behavior
of water on the prototypical TiO2(110) surface is an interesting
case and has been discussed at length (10, 11). While it is clear
that water adsorbs preferentially at surface oxygen vacancies
(Vos), resulting in a pair of OsurfaceH hydroxyl groups (12), the
question whether water dissociates on the defect-free surface has
remained controversial (13–16). Interestingly, Dohnálek and co-
workers (17) recently demonstrated that molecular adsorption is
marginally preferred (0.035 eV) on the defect-free surface with a

small barrier for dissociation. Thus, it seems measurements of
partial dissociation result from the equilibrium concentration of
both states at finite measurement temperatures.
In recent years, several groups have reported that partially

dissociated water dimers are the most stable configuration for
water on some metal oxide surfaces (18–21). There is also
mounting evidence that long-range, partially dissociated net-
works can be energetically favored, as on metals (22–26), but
accurately determining the structure of such systems is extremely
difficult. It is tempting to employ genetic search algorithms to
locate the global minimum from a myriad of local minima (25–
27), but this is complicated by the large, complex unit cells
involved, and the well-documented problems associated with
accounting for dispersion in density functional theory (DFT)
calculations (28).
Problems studying water adlayers on metal oxides are not

restricted to theory. Another key issue has been the difficulty
achieving molecular resolution of water clusters and adlayers
in scanning-probe experiments. While significant progress has
been made recently using scanning tunneling microscopy (STM)
(4), noncontact atomic force microscopy (nc-AFM) has now
emerged as a technique capable of superior resolution, particu-
larly when the tip is functionalized by a CO molecule (29). We
resolved to apply the latter method to the particularly complex
case of water adsorption on the (√2 × √2)R45°-reconstructed
Fe3O4(001) surface. In combination with quantitative temperature-
programmed desorption (TPD) and high-resolution X-ray photo-
electron spectroscopy (XPS), the images provide a stringent test of

Significance

Determining the structure of water on metal oxide surfaces is a
key step toward a molecular-level understanding of dissolu-
tion, corrosion, geochemistry, and catalysis, but hydrogen
bonding and large, complex unit cells present a major chal-
lenge to modern theory. Here, we utilize state-of-the-art ex-
perimental techniques to guide a density functional theory
(DFT)-based search for the minimum-energy configurations of
water on Fe3O4(001). A subsurface reconstruction dominates
adsorption at all coverages. An ordered array of partially dis-
sociated water agglomerates form at low coverage, and these
serve to anchor a hydrogen-bonded network. We argue that
similar behavior will occur whenever a surface presents a well-
spaced array of active sites for dissociation. Given the pro-
pensity of metal oxides to undergo surface reconstructions,
this is likely often.

Author contributions: U.D., C.F., and G.S.P. designed research; M.M., J.H., Z.J., J.P.,
M. Setvin, and R.B. performed research; M.M., J.H., Z.J., M. Setvin, C.F., and G.S.P. analyzed
data; and M.M., M. Schmid, U.D., and G.S.P. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence should be addressed. Email: parkinson@iap.tuwien.ac.at.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1801661115/-/DCSupplemental.

Published online June 4, 2018.

E5642–E5650 | PNAS | vol. 115 | no. 25 www.pnas.org/cgi/doi/10.1073/pnas.1801661115

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1801661115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:parkinson@iap.tuwien.ac.at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801661115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801661115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1801661115


the minimum-energy structures determined by a computational
search. Our approach is similar to a genetic search, but we analyze
the trends underlying the stability of different structures at each
stage and use this information to design the subsequent generation
of trial structures.
Ultimately, we find that an isolated molecule adsorbs intact on

Fe3O4(001), but significant energy is gained through the for-
mation of partially dissociated water dimers. The surface re-
construction limits the coverage of such species to one per (√2 ×
√2)R45° unit cell, however, because only a subset of the surface
O atoms can accept an H+ to form an OsurfaceH group. The
partially dissociated water dimers act as an anchor for further
water as the coverage increases, leading first to partially disso-
ciated water trimers, and then to a ring-like H-bonded network,
which covers the entire surface. The nc-AFM images allow us to
rule out one of two isoenergetic water trimers predicted by a
thorough DFT search, suggesting that van der Waals (vdW) DFT
does not accurately handle the cooperative energy balance in
this system.

Results
A key feature of the spectroscopic measurements described here
is the ability to deposit an accurately determined number of
water molecules on the Fe3O4(001) surface using a calibrated
molecular-beam source (30). Fig. 1A shows TPD spectra obtained
for various initial D2O coverages ranging from 0 to 14 molecules
per (√2 × √2)R45° unit cell (D2O/u.c.). D2O was utilized to
ensure that the measured signal originates solely from the sample
surface, but spectra obtained for H2O are indistinguishable from
those presented in Fig. 1A. A complex spectrum with seven dis-
tinct desorption features was reproducibly observed from several
different single crystal samples, and we label the peaks α, α′ β, γ, δ,
e, and φ in order of ascending temperature. A plot of the in-
tegrated peak area versus exposure (Fig. 1B) yields a straight line,
consistent with the measured sticking probability of unity at all
coverages (SI Appendix, Fig. S1). The onset of multilayer ice de-

sorption (peak α at 155 K) occurs for a coverage close to
8.5 molecules per (√2 ×√2)R45° unit cell (8.5 D2O/u.c. = 1.28 ×
1015 D2O/cm2), which is close to the density of an ice monolayer
on close-packed metal surfaces, and we thus consider every-
thing desorbing at higher temperatures a constituent of the first
water monolayer. The saturation of the φ (550 K) and e (310 K)
peaks (Fig. 1A, Inset) occurs for coverages significantly less than
1 D2O/u.c., and we assign these states to surface defects. Peaks β,
γ, and δ saturate at coverages close to 8, 6, and 3 D2O/u.c., re-
spectively, which suggests that stable surface phases are com-
pleted at these coverages. α′ is a small shoulder between the
saturation of the β peak and the onset of multilayer desorption
(peak α).
To extract information regarding the desorption energetics

from the TPD data, we performed an inversion analysis (31). Full
details are contained in SI Appendix. Briefly, the analysis assumes
that the desorption follows first-order Arrhenius kinetics and
yields the coverage-dependent activation energy for desorption,
Ed (Fig. 1C), by direct inversion of the well-known Polanyi–
Wigner equation. The uncertainty in Ed is related to the un-
certainty in the preexponential factor, ν, which is unknown, but
optimized during the analysis (31). The resulting Ed is equivalent
to the adsorption energy (Ead) if the adsorption is a reversible
process with no activation barrier. The results, shown in Fig. 1C,
show that Ed decreases with increasing coverage from a maxi-
mum of 0.85 ± 0.05 eV in the low-coverage limit to 0.52 ±
0.05 eV for the first molecules desorbing from the first mono-
layer. Interestingly, the corresponding values of ν (νδ = 1017 ± 1 s−1,
νγ = 1016 ± 1 s−1, νβ = 1016 ± 1 s−1, να′ = 1014 ± 2 s−1) are relatively
high, which suggests that the adsorbed state is highly constrained
(31). For comparison, utilizing ν = 1013 s−1 (appropriate for a 2D
gas, but not here) in Fig. 1C would see all desorption energies
lowered by ∼0.15 eV. For a full discussion of TPD preexponential
factors, see refs. 32 and 33.
To understand the origin of the complex multipeak desorption

profile, we studied the adsorbed water structures with STM and
nc-AFM. Fig. 2A shows an STM image of the as-prepared
Fe3O4(001) surface acquired at 78 K. Rows of protrusions in
the [110] direction are due to the octahedrally coordinated sur-
face Feoct atoms of a stoichiometric surface layer (see surface
model in Inset). The surface oxygen atoms are not imaged be-
cause there are no O-related states in the vicinity of the Fermi
level. The undulating appearance of the Feoct rows and associ-
ated (√2 × √2)R45° periodicity (white square) are linked to a
subsurface rearrangement of the cation sublattice (34). We have
previously shown that the O* atoms (i.e., surface oxygen without
a tetrahedrally coordinated Fetet neighbor in the second layer)
are active sites for adsorption. These atoms differ electronically
from the others [DFT predicts a small magnetic moment (34)],
and they stabilize metal adatoms to high temperatures (35).
Crucially for what follows, the O* atoms are also preferred sites
for the formation of OsurfaceH groups (36, 37). There is always a
small coverage of O*H following in situ preparation due to the
reaction of water from the residual gas with oxygen vacancies,
and they cause pairs of surface Feoct protrusions to be imaged
slightly brighter in empty-states STM images. An example is
highlighted by a white arrowhead in Fig. 2A. Recombination of
the O*H species with lattice O to desorb water is responsible for
the φ peak (550 K) observed in TPD (38).
To confirm the e TPD peak at 310 K was defect related, we

exposed the as-prepared Fe3O4(001) surface to 0.05 L (1 L =
1.33 × 10−6 mbar·s) water, heated to 255 K, and imaged the
surface using STM. Fig. 2B shows bright protrusions adsorbed at
an antiphase domain boundary in the (√2 × √2)R45° re-
construction (39), and there is also evidence for adsorption at
Fe2+-related point defects and step edges (SI Appendix, Fig. S3).
Similar behavior was recently observed for methanol on this

Fig. 1. Quantification of water adsorbed on Fe3O4(001) by TPD. (A) Exper-
imental TPD spectra obtained for initial D2O coverages ranging from 0 to
14 molecules per Fe3O4(001)–(√2 × √2)R45° unit cell (Inset: higher tem-
perature range showing desorption peaks e and φ, which originate from
surface defects). The colored curves indicate the coverages for which a
particular desorption feature (labeled α′, β, γ, and δ) saturates, α marks the
multilayer desorption peak. (B) Plot of the integrated TPD peak areas as a
function of beam exposure. The colored data points correspond to the col-
ored curves in A. Based on these data, we conclude the β, γ, and δ peaks
saturate at coverages of eight, six, and three molecules per (√2 × √2)R45°
unit cell, respectively. (C) Inversion analysis of the TPD data for D2O on
Fe3O4(001) for the different peaks. The filled area marks the uncertainty
range of the coverage-dependent desorption energies for each peak.
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surface (40). In the current paper, we are primarily interested in
water adsorbed at regular lattice sites.
Fig. 2C shows an STM image of the Fe3O4(001) surface after

exposure to 0.1 L of H2O at 120 K. At this temperature, far
below the desorption threshold, surface mobility is low, and we
observe a nonequilibrium state. The image, acquired at 78 K,
exhibits isolated, bright protrusions on the Feoct rows due to
adsorbed water (yellow arrow). It is not straightforward to de-
termine whether the molecules are intact or dissociated from
this image, but several water dimers are observed already at this
coverage (red arrow). Interestingly, dimers have two apparent
heights, so there may be two types of water dimers under these
conditions.
Finally, there are instances of multiple neighboring protru-

sions (green arrow), but it is difficult to know how much water is
involved, and these could simply be two dimers. Nevertheless,

the STM data suggest that water molecules can form larger ag-
glomerates if adsorbed close by already adsorbed molecules.
STM images of higher water coverages were acquired (SI Ap-
pendix), revealing limited additional information. The Feoct rows
are increasingly occupied by extended protrusions, but it is not
possible to resolve the internal structure (SI Appendix, Fig. S3).
To learn more about water in the submonolayer regime,

we imaged the surface using nc-AFM. The best images were
obtained in constant-height mode using a CO-functionalized tip
(Fig. 3). This experimental setup was recently utilized to image
water clusters on different surfaces (41–44). The observed image
contrast was attributed to electrostatic interaction between the
CO quadrupole field and strongly polar water molecules, which
can yield up to submolecular resolution. Due to the long-range
nature of these contrast-forming interactions, the imaging is re-
markably stable and the tip does not perturb the water clusters
during scanning (44).
Fig. 3A shows a nc-AFM image of the Fe3O4(001) surface

after 2.5 ± 0.5 H2O/u.c. was adsorbed at 105 K. The tip was
functionalized by picking up a CO molecule from a Pt cluster
(details in SI Appendix). Before imaging, the sample was heated
to 155 K, which is short of the desorption onset of the δ peak.
The image, acquired at 78 K, exhibits double (red arrow) and
triple (cyan arrow) protrusions aligned with the [110] direction,
which we assign to water dimers and water trimers, respectively.
The bright spots originate from repulsive electrostatic interaction
between the CO tip and the O atom of the water molecule or OH
group. The distance measured between neighboring protrusions
within each dimer/trimer is 0.3 nm, consistent with adsorption at
the surface Feoct cations on the underlying surface (see structural
model in Fig. 2A). Again, it is impossible to know from the AFM
images alone whether the species within the dimer/trimer are in-
tact or dissociated.
Fig. 3B was acquired after the water coverage was increased to

∼6 H2O/u.c., and the sample again heated to 155 K before im-
aging at 78 K. The image exhibits full rows of bright protrusions
along [110]; four protrusions are observed per unit cell, consis-
tent with adsorption on all surface Feoct atoms. In addition,
protrusions are observed in between the rows (yellow arrows). In
most cases, the distance between these bridging protrusions
along [110] is 1.19 nm, which corresponds to the periodicity of
the (√2 × √2)R45° reconstruction in that direction. Finally,
when the coverage is increased (Fig. 3C), the contrast becomes
dominated by new features, which protrude further from the
surface than the rest of the water layer. This suggests that there
are additional stable binding sites available on the 6 H2O/u.c.
structure, or that the layer restructures above this coverage.
To ascertain the chemical state of the water within the

adlayers, we performed XPS experiments. Fig. 4 shows the O 1s
region for the as-prepared Fe3O4(001) surface (black curve), and
after 2.6 (blue curve) and 7.7 (magenta curve) D2O/u.c. was
adsorbed and the sample was heated to 175 K and 155 K, re-
spectively, with a 1 K/s ramp. The as-prepared surface exhibits a
single, slightly asymmetric peak at 530.1 eV due to the lattice
oxygen (45). Exposure to water creates a clear peak at 533.4 eV
due to D2O, which shifts slightly to lower binding energy with
increasing coverage. Fitting the 2.6 D2O/u.c. data with Voigt
functions (46), we find that (at least) one additional peak at
531.5 eV is required to accurately model the data. This peak
position is close to that observed previously for OsurfaceH groups
(531.3 eV) (47). Of course, the XPS binding energy of OwaterH
groups could be slightly different, particularly when it is part of
an agglomerate, but calculated core level shifts (48) for the
OsurfaceH and the OwaterH of the linear water trimer (Fig. 5)
found a difference of only 0.1 eV. Since D2O dissociation yields
two OD groups, the similar peak areas at 533.4 and 531.5 eV
suggest that approximately a third of the D2O is dissociated. At the
higher coverage, the area of the D2O peak increases significantly

Fig. 2. Water monomers, dimers, and multiple neighboring protrusions on
the Fe3O4(001) surface imaged by low-temperature (78 K) STM. (A) The as-
prepared Fe3O4(001) surface. The (√2 × √2)R45° periodicity is indicated by
the white square, and the white arrow highlights an O*H group. (Inset) Top
and side views of the Fe3O4(001)–(√2 × √2)R45° surface structure with the
SCV structure (the top view is aligned with the STM image, and the gray
vector indicates the viewing direction to locate the side view). Only the Feoct
atoms are imaged in STM. (B) STM image acquired after 0.05 L of water was
adsorbed and heated to 255 K. The surface is clean, except for protrusions
located at surface defects including antiphase domain boundaries in the
(√2 × √2)R45° reconstruction (cyan arrow). (C) STM image following ad-
sorption of 0.1 L of water at 120 K. Isolated single protrusions (yellow ar-
row), double protrusions (red arrow), and multiple neighboring protrusions
(green arrow) are due to water molecules adsorbed on the Feoct rows.
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and shifts to lower binding energy. The peak area in the OD re-
gion remains roughly constant with respect to the substrate peak,
which suggests that the additional water adsorbs molecularly.
To understand the formation of different water structures, we

now turn to our computational results. As explained below, we
employed a systematic approach to determine the lowest-energy
configurations of water molecules in the coverage regime 0–8
H2O/u.c. It is important to note that this is not an automated
genetic algorithm but rather proceeds by identifying factors that
make certain trial structures more stable than others at each
coverage and using this information to build subsequent gener-
ations. A complete account of the theoretical approach and
discussion of all computed structures will be published sepa-
rately. Selected results relevant to the discussion here are shown
in Fig. 5. Before continuing, it is important to note that our
calculations utilize the GGA+U approach (Ueff = 3.61 eV) (49,
50) with the optPBE-DF exchange-correlation (XC)-functional
(51–53), which is modified to include long-range vdW interac-
tions. We also take into account the correct geometry, the
so-called subsurface cation vacancy (SCV) model of Fe3O4(001)–
(√2 × √2)R45° (34). Thus, our setup differs markedly from the
prior work of Mulakaluri et al. (23, 54), who utilized a standard
GGA+U functional and a bulk-truncated surface model and cal-
culated only coverages of 1, 2, and 4 H2O/u.c.
Interestingly, we find that an isolated water molecule prefers

to adsorb molecularly on the Fe3O4(001) surface (Fig. 5A,
Ead = −0.64 eV). The optimum configuration has the O atom
close to atop a substrate Feoct cation, with the molecule in the
plane of the surface and oriented such that the H atoms interact
with nearby surface O atoms via very weak H bonds, 2–2.2 Å.
This configuration is 0.05 eV more stable than a dissociated
molecule (Ead = −0.59 eV), where the OH group adsorbs upright
atop an Feoct cation, with the H+ deposited at the neighboring
O* forming a surface hydroxyl (O*H).
The most stable configuration of water on the Fe3O4(001)

surface occurs at a coverage of 2 H2O/u.c. with the formation of
a partially dissociated water dimer (Ead = −0.92 eV per mole-
cule). This species comprises one terminal OH and one H2O,
bound to neighboring surface Feoct atoms along the row, con-
nected by an intermolecular H bond (1.41 Å). The H+ liberated
by the dissociation forms an O*H group. Further details of the

adsorption geometry are included in Discussion, in which we
explain the cooperative origin of this species’ stability.
The DFT-based search at 3 H2O/u.c. yields two partially dis-

sociated water trimers degenerate in energy (Fig. 5A, labeled E3
and E3 ISO). Both species are based on the partially dissociated
water dimer described above but differ in the location of a third
molecule. In the linear H2O–OH–H2O trimer, the third mole-
cule binds on the surface Feoct row and donates an H bond into
the OH. In the alternative nonlinear isomer trimer, the third
water molecule binds by H bonds only. It receives an H bond
from the surface O*H and donates an H bond to the nearby,
unoccupied O* atom. Electrostatic repulsion renders the ad-
sorption of an H+ at both O* sites energetically unfavorable at

Fig. 3. Imaging water agglomerates on Fe3O4(001) with nc-AFM using a CO-functionalized tip. nc-AFM images obtained after exposing the as-prepared
Fe3O4(001) surface to (A) 2.5 ± 0.5 H2O/u.c., (B) ∼6 H2O/u.c., and (C) ∼8 H2O/u.c. The Q+ oscillation amplitudes were (A) 45 pm, (B) 110 pm, and (C) 65 pm, and
the bias was set to 0 V in all images. In each case, water was dosed at 105 K, and the sample preheated to ∼155 K before imaging at 78 K. The coverages in A–C
correspond roughly to the partial populations of the δ, γ, and β peaks in TPD, respectively. Partially dissociated water dimers and trimers on the Feoct rows are
indicated by red and cyan arrows in A, respectively, and yellow arrows highlight protrusions bridging the Feoct rows in B. Additional water deposited on the
surface appears as bright protrusions (yellow star), suggesting it protrudes significantly above the surface and the previously adsorbed molecules (C). The
(√2 × √2)R45° surface unit cell is shown by a white square. Representative STM images of the same structures are shown in SI Appendix, Fig. S4.

Fig. 4. O 1s XPS data showing that the water agglomerates formed on
Fe3O4(001) are partially dissociated. The as-prepared surface exhibits a single
peak at 530.1 eV due to the lattice oxygen atoms. The 2.6 D2O/u.c. data
should be compared with the surface shown in Fig. 3A and show roughly
equal contributions from OD and D2O, consistent with one dissociated
molecule per water dimer/trimer. Most of the additional water adsorbed at a
coverage of 7.7 H2O/u.c. is molecular. Data were measured at 95 K, with
monochromatic Al Kα radiation and at a grazing exit of 80° for the emitted
photoelectrons.
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low coverage, and thus dissociation is limited to one molecule
per (√2 × √2)R45° unit cell.
The lowest-energy structure determined by our DFT search at

6 H2O/u.c. exhibits a ring-like appearance, in agreement with the
nc-AFM image shown in Fig. 3B. This is the first coverage at
which all adsorbed molecules are involved in an H-bonded net-
work that covers the surface. All four Feoct sites in each (√2 ×
√2)R45° unit cell are occupied by either H2O or OH, and the
rows are bridged by two further water molecules attached solely
through H bonds. In general, the structure is characterized by
H2O–OH–H2O trimers and facilitates more ideal intermolecular
bonding angles of 122–124° for intact water molecules. In-
terestingly, the repulsive behavior of the two O*H species ob-
served at lower coverage is mitigated through the additional H
bonding with the bridge molecules. The structure at 8 H2O/u.c. is
shown in Fig. 5C. It is rather complex, but essentially water
utilizes the remaining dangling H bonds in the 6 H2O/u.c.
structure to form a second bridge of molecules near the center of
the previously ring-like feature (in the vicinity of the yellow star
in Fig. 5B). However, additional reorganization occurs to opti-
mize the H bonding, including a modification of the original
bridge structure formed at 6 H2O/u.c. Since the coverage at
8 H2O/u.c. is already close to that of a close-packed ice layer, it is
straightforward to understand why further water adsorption re-
sults in the formation of multilayer ice. All structures shown in
Fig. 5 can be downloaded as part of SI Appendix.

Discussion
Based on the experimental and theoretical evidence presented
above, we conclude that partially dissociated water dimers are
the most stable species on the Fe3O4(001) surface, closely fol-
lowed by structurally related, partially dissociated water trimers.
Our nc-AFM images clearly show the adsorbed dimers and tri-
mers, and XPS spectra reveal them to be partially dissociated.
Moreover, the theoretically determined adsorption energies agree
remarkably well with the Ed values obtained from an inversion
analysis of the δ-peak, and the highly constrained adsorption ge-
ometry predicted by DFT is consistent with the high preexponential
factor (ν = 1017 ± 1 s−1). For higher coverages, the inversion
analysis reveals the Ed necessary to desorb the most weakly bound
molecule(s) and thus should not be compared with the average
adsorption energies calculated by DFT.
Clearly, the (√2 ×√2)R45° reconstruction plays a crucial role

in the adsorption behavior. At low coverages, the partially dis-
sociated water dimers and trimers order with (√2 × √2)R45°
symmetry, while at high coverages the structure of the H-bonded
network also belies the periodicity of the underlying substrate.
Ultimately, this stems from the strong preference to form surface
O*H groups, which limits the density of dimers/trimers to one
per unit cell. Later, the O*H groups provide a hydrogen bond to
bridge the Feoct rows and complete the H-bonded network.
Despite the importance of the O* sites, the primary contri-

bution to the adsorption energy at low coverage arises from the
Fe3+–Owater bond. An isolated water molecule binds strongly

Fig. 5. Top view of the minimum-energy structures determined by DFT for
water coverages of 1, 2, 3, 6, and 8 H2O/u.c. Fe atoms are blue, O are red, and
H are white. (A) An isolated molecule adsorbs intact, but partially dissociated

water dimers and trimers are energetically preferred. Two partially dissoci-
ated trimer structures are calculated to be energetically degenerate. The
(√2 ×√2)R45° unit cell and both O* are highlighted. (B) DFT-based model at
6 H2O/u.c. showing a ring-like structure based on full occupation of the Feoct
rows with OH or H2O, and water molecules bridging the O* sites. These
bridging molecules are adsorbed partly through H bonds to surface O*H
groups. The O*H groups beneath the adsorbed molecules are shown in the
topmost white circle. Alternatively, the structure can be viewed as based on
a pair of H2O–OH–H2O trimers (labeled 1 and 2). (C) DFT-based model at 8
H2O/u.c. showing a complex structure utilizing dangling bonds in the 6 H2O/u.c.
structure to form a second bridge in the region of the yellow star. All ad-
sorption energies are given in electronvolts.
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atop an Feoct row atom (−0.64 eV) and prefers this state to
dissociation by 0.05 eV. This result differs from the prior cal-
culations of Mulakaluri et al. (23, 54), and after extensive testing,
we have found that the discrepancy originates in the structural
model used, and not the functional applied. As suggested by
Mulakaluri et al. (54), the Fe2+ cations in the subsurface layers of
a bulk-truncated structure interact with the adsorbates and
promote dissociation. The SCV reconstruction contains only
Fe3+ cations in the outermost four layers, and molecular ad-
sorption is preferred.
Given the lack of dissociation in the monomer case, it is

somewhat surprising that partially dissociated water dimers form
on the Fe3O4(001) surface. Recently, Freund’s group (19) pro-
posed that partial dissociation requires two molecules to meet on
the Fe3O4(111) surface, but later revised their IRAS analysis in
favor of the “traditional picture” where dissociation occurs first
in isolation on an undercoordinated anion–cation pair (27). Our
STM images show that dimerization occurs already at very low
coverages on Fe3O4(001), and there is no evidence for mono-
mer dissociation in the form of additional isolated O*H groups.
It is, however, difficult to know if the dimers are molecular or
partially dissociated from STM alone. This ambiguity does not
exist for higher coverages: nc-AFM images of 2 H2O/u.c. (Fig.
3A) show dimerization occurs already at 155 K, and analysis of
XPS spectra suggests that roughly one molecule per agglomerate
is dissociated.
What, then, drives the partial dissociation of water dimers in

the water/Fe3O4(001) system? To answer this question, we first
analyze the DFT results for a molecular water dimer (Fig. 6A).
Somewhat surprisingly, the energy gain of molecular dimer-
ization is small; an isolated molecule has a binding energy of
−0.64 eV, while the average binding energy in the molecular
dimer is just −0.66 eV per molecule. This difference is signifi-
cantly less than the binding energy of an H bond in a gas-phase
water dimer (−0.10 eV per molecule). Since the H-bond length in
the present system (1.89 Å) is significantly shorter than that of a
gas-phase water dimer (2.0 Å), some energy must be lost in the
final structure. In this regard, we consider the Feoct–Owater bond
lengths. The water that donates an H bond has an Feoct–O bond of
2.20 Å, comparable to the isolated water monomer (2.22 Å), but
the acceptor molecule has an Feoct–O bond length of 2.34 Å. This
suggests that receiving an H bond weakens the interaction of a
water molecule with the substrate, consistent with the idea that
forming Feoct–O bonds and receiving H bonds both involve the
lone-pair (O 2p) orbitals (55), and that the competition leads to
the marginal total-energy gain.
The situation is very different for a partially dissociated water

dimer (Fig. 6B). Here, the average adsorption energy per mol-
ecule is −0.92 eV, so the small energetic cost of dissociating one
molecule (0.05 eV for an isolated monomer) is easily compen-
sated. The intermolecular H bond is significantly shorter (1.41 Å)
in the partially dissociated water dimer, as expected on electro-
static grounds (the OH species is negatively charged). Moreover,
the H-bond–donating water molecule has a significantly shorter
Feoct–Owater bond (2.06 eV) than in the molecular water dimer,
suggesting a stronger interaction with the substrate. This phe-
nomenon has been observed in gas-phase water clusters (56), and
on metal surfaces (55, 57), and is known as cooperativity (58).
Essentially, water molecules seek a balance in their H-bonding
interactions. If a molecule donates a strong H bond, it accepts
stronger H bonds. Since H-bond acceptance utilizes the same O
orbital as the Feoct–Owater bond, the balance can be achieved
through an enhanced interaction with the substrate. Thus, the
formation of the negatively charged OH group induces water to
donate a strong H bond, which in turn induces a stronger water–
surface interaction. The energy gain is so substantial that the
system can accommodate a weakened terminal-OH Feoct–O
bond, which is 0.12 Å longer than for an isolated terminal OH.

Note that diffusion of the partially dissociated water dimer is
likely hampered by the anisotropic nature of the surface, on
which neighboring Fe cations are separated by 3 Å. Breaking
the OH–H2O bond is highly unfavorable, while a concerted
diffusion mechanism would require a transition state in which
either the water molecule or the OH is completely detached from
the substrate.
Next, we turn our attention to the partially dissociated water

trimer (Fig. 6C). The linear trimer is a natural consequence of

Fig. 6. The geometry of partially dissociated water dimers and trimers reveals
a cooperative binding effect. (A) A molecular water dimer exhibits a relatively
long intermolecular H bond, and the H-bond acceptor has a weakened in-
teraction with the surface compared with an isolated molecule. (B) The par-
tially dissociated water dimer exhibits a strong intermolecular H bond, and the
H-bond–donating water molecule binds more strongly to the substrate. (C) In
the partially dissociated water trimer, the second water molecule donates an H
bond to the OH group, further weakening its bond to the substrate. All bond
lengths are given in angstroms, and energies are in electronvolts.
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the arguments outlined above, as there is an undercoordinated
Feoct atom available to which a water molecule can bind and
simultaneously donate an H bond into the OH group of the
partially dissociated dimer. Of course, the Fe–Fe separation
along the Feoct rows is considerably larger (3 Å) than the sum of
OH and H-bond lengths, so the partially dissociated water trimer
forms with the OH group directly atop an Feoct atom, with both
water molecules leaning in toward the OH from their favored
position atop an Feoct (Fig. 6). The H bonds are slightly longer,
as is the OH Feoct–O bond. This results in the slightly lower
adsorption energy of −0.88 eV per molecule compared with the
OH–H2O water dimer.
To this point in the discussion, the DFT search predicts what is

observed in experiment and allows us to understand why the
partially dissociated water agglomerates form and are so strongly
bound. However, DFT finds a nonlinear partially dissociated
water trimer (E3 ISO in Fig. 5B) with a comparable adsorption
energy to the partially dissociated linear trimer, which is not
observed in the experiments. The fact that we can resolve water
bridging the Feoct rows upon the formation of the H-bonded
network with nc-AFM in Fig. 3B gives us confidence we could
detect the nonlinear trimer if it were present. This indicates that
the energy balance involved in adsorbed water agglomerates is
not perfectly handled by DFT. To investigate further, we com-
pared several alternative functionals, with and without vdW
corrections, and obtained similar trends, albeit with a variation
of ±0.1 eV in the absolute energies. We conclude that DFT is
insufficiently accurate to predict the relative stabilities of water
adlayers, and that calculating reliable structures requires
guidance from experiment or the adoption of superior ap-
proaches such as hybrid functionals or the random-phase ap-
proximation (59, 60).
Once the partially dissociated water trimer (Fig. 6C) forms, it

is not possible to H-bond additional water along the Feoct row.
The TPD data suggests that the next stable structure occurs at a
coverage of 6 H2O/u.c., where the nc-AFM images (Fig. 3B)
clearly resolve a ring-like structure with additional protrusions
bridging the molecules adsorbed at the Feoct rows. This is in line
with the minimum-energy structure determined at 6 H2O/u.c.,
which is the first configuration to establish an H-bonded network
extending over the whole surface. The stability of the proposed
structure stems from the presence of H2O–OH–H2O trimers,
which utilize H2O molecules stabilized at the O* bridge sites.
The structure is consistent with the 2D ice rules (3, 4) in that
water forms a closed-loop structure with a preference for atop
adsorption sites, although one molecule per unit cell is a “double
acceptor,” protruding by more than 3 Å above the surface and
where the absent surface bond is compensated by a second H
bond, making it appear similar to a water molecule in 3D ice. We
note, however, that the experimental data do not allow to un-
ambiguously confirm the fine details of the structure, and that
the XPS fitting at 7.7 D2O/u.c. suggests that less water is disso-
ciated. The same is true at a coverage of 8 H2O/u.c., the next
coverage where the TPD data indicates that a stable structure
exists. The nc-AFM images show that new, ordered protrusions
emerge when additional water is added to the ring-like structure
(Fig. 3C), and DFT predicts that this water binds via the
remaining dangling H bonds present in the 6 H2O/u.c. structure.
That these molecules bind solely by H bonds to other water
explains why the desorption temperature is so close to that of
multilayer ice. The reason for the observed strong AFM contrast
is not yet known, and we cannot discount the possibility of ad-
ditional rearrangement at this coverage. What is clear is that the
β and α′ peaks observed in TPD are due to water squeezed into
the 6 H2O/u.c. structure, leading to a reoptimization of the
available H bonds.
As mentioned above, partially dissociated water dimers have

recently been reported to be the most stable species on RuO2(110)

(18) and Fe3O4(111) (19, 20), and appear to be common on metal
oxide surfaces. Based on the analysis presented here, we expect
these species to form whenever there are undercoordinated sur-
face cations sufficiently close together that a H2O–OH bond can
be established, provided there are undercoordinated O atoms
available to form a stable surface hydroxyl. Here, the SCV re-
construction of Fe3O4(001) limits the availability of the latter sites,
which is why the water dimer coverage saturates at one per unit
cell. On RuO2(110) (18), for example, where the under-
coordinated surface O atoms are homogeneous and plentiful,
a complete coverage of H2O–OH dimers is achieved.
Before concluding, it is worth to consider whether the low-

temperature–low-pressure phenomena observed here bear any
resemblance to the adsorption–desorption of water on Fe3O4(001)
under more realistic conditions. At first glance, the adsorption
threshold of 10−2 mbar observed by Kendelewicz et al. (47) at
273 K in ambient-pressure XPS studies suggests a significant
pressure gap. However, this threshold is entirely consistent with
our assertion that isolated molecules are weakly bound and that
a strongly bound partially dissociated water dimer species forms
when two molecules meet on the surface. Given the binding
energy of the water monomer (−0.64 eV) determined here, the
10−2-mbar threshold corresponds to an instantaneous coverage
of 0.2 H2O/u.c. at 273 K. This is sufficient to expect that two
monomers can meet before desorbing. The as-formed dimer is
more strongly bound, so a stable coverage will develop rapidly.
Alternatively, the 10−2-mbar threshold corresponds to a chemical
potential of −0.70 eV, which agrees very well with the adsorption
energy of the partially dissociated water dimer determined by the
inversion analysis (−0.85 eV). As such, the surface-science ap-
proach utilized here appears directly applicable to understand
the adsorption–desorption of water at pressures relevant to ca-
talysis. To our knowledge, the reactivity of partially dissociated
water dimers has not been studied directly, and it will be fasci-
nating to see whether these species play an active role in geo-
chemical or corrosion processes, or in catalysis where metal
oxides are frequently used as the active component or as the
support for metal nanoparticles. In particular, it will be in-
teresting to learn whether partially dissociated species play a role
in the water–gas shift reaction, since industry currently utilizes an
Fe3O4 based catalyst (61–64) and partially dissociated species
have now been directly identified on both major facets.
In summary, the formation of partially dissociated water ag-

glomerates on Fe3O4(001) is driven by the formation of strong
intermolecular H bonds and facilitated by the close proximity
of undercoordinated cations. The presence of the SCV recon-
struction ensures that partially dissociated water dimers and
trimers remain isolated because there is only one O site per unit
cell that can accommodate an H+. The partially dissociated ag-
glomerates act as an anchor to build a ring-like H-bonded net-
work as the coverage is increased, and the water layer completes
by saturating dangling H bonds within this stable structure. A
similar evolution can be expected wherever a surface presents
well-spaced active sites for dissociation.

Materials and Methods
Experimental Setup. The TPD and XPS experiments were performed in a
vacuum system optimized for the study of the surface chemistry of metal
oxide single crystals. The system has been described in detail elsewhere (30).
Briefly, the single-crystal Fe3O4 sample (6 × 6 × 1 mm; SurfaceNet) is
mounted on a Ta backplate in thermal contact with a liquid-He flow cryo-
stat. The sample can reach a base temperature of ∼30 K and can be heated
to 1,200 K by direct current heating of the sample plate. Temperatures are
measured by a K-type thermocouple spot-welded to the sample plate and
calibrated by the multilayer desorption of simple gases (65). The sample was
prepared by cycles of 1 keV Ne+ sputtering and annealing at 900 K for
20 min in a partial pressure of 1 × 10−6 mbar O2. D2O was adsorbed directly
onto a 3.5-mm-diameter spot in the center of the sample surface using an
effusive molecular beam source. The beam has top-hat profile and a precisely
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calibrated flux (9.2 ± 0.5 × 1012 D2O molecules/cm2·s) at the sample. Coupled
with sticking-probability measurements, this provides accurate prediction of
the absolute water coverage (30, 66). This is particularly straightforward to
achieve here, because the sticking probability for water is unity at all cover-
ages at 100 K (SI Appendix, Fig. S1 and Fig. 1B). For TPD experiments, the
sample is exposed to water at 100 K, and then heated with a linear ramp of
1 K/s. XPS utilizes a SPECS Phoibos 150 analyzer with a monochromatized
FOCUS 500 Al Kα X-ray source. STM and nc-AFM measurements were per-
formed in a separate vacuum system using an Omicron LT-STM equipped with
a QPlus sensor with an improved preamplifier (67). Here, water exposures
were performed using a high-precision leak valve. The water coverage is de-
fined in H2Omolecules per (√2 ×√2)R45° unit cell (H2O/u.c.), where 1 H2O/u.c.
is a coverage of 1.42 × 1014 cm−2. The tip was functionalized by a CO molecule
picked up from a Pt cluster (details in SI Appendix).

Computational Details. The Vienna ab initio simulation package (68, 69) was
used for all DFT calculations. The projector augmented wave (70, 71) method
describes the electron and ion interactions, with the plane wave basis set
cutoff energy set to 550 eV. A Γ-centered k-mesh of 5 × 5 × 5 was used for
bulk calculations, adjusted to 5 × 5 × 1 for (001) surface calculations. Con-
vergence is achieved when the electronic energy step of 10−6 eV is obtained,
and forces acting on ions become smaller than 0.02 eV/Å. The calculations
are based on the SCV reconstructed model of the Fe3O4(001) surface (34).
Adsorption energies Ead are corrected for the zero-point energy (details in SI

Appendix) and are quoted as an average (per molecule, if >1 H2O/u.c.),
unless otherwise mentioned.

The optPBE-DF (51–53) functional (details in SI Appendix) accounts for the
vdW corrections and ultimately delivers results that correlate well with the
experiments. The same functional was recently used to simulate water
adsorbed on NaCl(001) and MgO(001) surfaces (72) and water clusters (28).

The optimum configuration for each water coverage was determined via a
systematic search inspired by genetic algorithms. For each coverage, the
results of at least 10 trial calculations were analyzed to identify factors
leading to a low total energy. These insights, together with those found at
other coverages, were used to build a next generation of trial structures. This
process eventually leads to the lowest-energy configuration the system can
reach for the given coverage of water. In the end, over 500 configurations
have been investigated.
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