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Using micro-solvation and generalized
coordination numbers to estimate the solvation
energies of adsorbed hydroxyl on metal
nanoparticles†

Selwyn Hanselman, a Marc T. M. Koper *a and Federico Calle-Vallejo *bcd

Solvent-adsorbate interactions have a great impact on catalytic processes in aqueous systems. Implicit

solvent calculations are inexpensive but inaccurate toward hydrogen bonds, while a full incorporation of

explicit solvation is computationally demanding. Micro-solvation attempts to break this dilemma by

including only those solvent molecules directly interacting with the solute and any nearby interfaces,

thereby providing a compromise between accuracy and computational expenses. Here, we show that

micro-solvation of *OH and its relation to adsorption sites is largely transferable across late transition

metal nanoparticles. Solvation energies for *OH on nanoparticles of Ir, Pd, and Pt range from �0.63 �
0.04 eV to �0.67 � 0.12 eV, while those on Au and Ag are �0.75 � 0.07 eV and �1.01 � 0.05 eV,

respectively. These results enable the use of average solvation corrections for *OH on late transition

metal nanostructures.

Introduction

Solvation of adsorbed molecular species plays a major yet often
neglected role in heterogeneous catalysis in aqueous environ-
ments. Indeed, computing adsorbate-solvent interactions is
required for highly accurate descriptions of both catalytic
intermediates and barriers between them.1–7 A commonly used
approach is implicit solvation, in which bulk properties of the
solvent serve as a basis to calculate a continuum response to
the solute in the solvent medium.8,9 Despite being relatively
fast and accurate for calculating long-distance solvent–solute
interactions, by design implicit solvation methods do not
generally take into account volume exclusion and solvent
coordination. Previous studies have shown that, specifically,
surface solvation effects of water due to hydrogen bonding are
greatly underestimated when using implicit methods.4,10,11

Explicit solvation tackles these issues by including actual water
molecules into the simulations, the positions of which can be
optimized to obtain possible configurations of all solvent
molecules. However, calculating all solvent molecules explicitly
(hereafter referred to as ‘‘full solvation’’) requires large numbers
of solvent molecules and configurations, which is not always
computationally feasible, in particular for nanoparticles.12,13

Surface micro-solvation addresses these concerns by sub-
stantially reducing the number of explicit solvent molecules,
only taking into account those molecules directly solvating the
adsorbate, namely, those in the first solvation shell(s). This
solvation method models direct species–solvent interactions
selectively, which dominate solvation for polar adsorbates in
polar and protic solvents.12,14,15 A previous work compared
average solvation energies of *OH and *OOH solvated by 3
water molecules on a series of platinum nanoparticles and
surfaces to those solvated by a full monolayer of interfacial
H2O, finding differences within B0.05 eV across all adsorption
sites and adsorbates.16 Subsequent work arrived at similar
conclusions for Cu(111): the solvation of *OH within a full
water bilayer and in the micro-solvation environment with 3
interfacial water molecules differ only by 0.04 eV.4 Hence,
micro-solvation is a promising but still relatively unexplored
way to capture hydrogen-bond-dominated interactions between
adsorbates and solvents.

In this work, we calculate the formation and solvation
energies of *OH on late transition metal nanoparticles of
various sizes using density functional theory (DFT), and
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compare these to each other and to the energies found for Pt in
previous work.16 We find that although the adsorption energies
depend on the adsorption site for all metals, most metals show
no systematic dependency of solvation energy on *OH adsorp-
tion sites. Thus, the solvation energies tend to be consistently
constant across adsorption sites for all metals.

Methods

All DFT calculations were performed using VASP 5.4.4, with the
spin-restricted PBE exchange–correlation functional, in cubic
unit cells using only the G-point to sample the k-space.17 We
constructed truncated octahedral nanoparticles with 38, 79,
and 201 atoms for fcc Ag, Au, Pd, and Ir (the data for Pt were
taken from previous work).16 We adsorbed *OH atop on all the
inequivalent sites on those nanoparticles, see Fig. 1. General-

ized coordination numbers (CN ) are assigned to each unique
adsorption site, following the methodology described in pre-

vious work.18 For a metal site i, CN (i) describes the overall
coordination of not only the site itself but also its first coordi-
nation shell within the nanoparticle, as described in eqn (1).

CN ið Þ ¼
Xni

j¼1

cnð jÞ
cnmax

(1)

Following eqn (1), for each atom closest to the adsorption
site within the nanoparticle, we calculated the total number of
nearest atoms surrounding it (coordination number, cn( j)),
and subsequently divided the sum of these coordination num-
bers by the maximum coordination number found in the fcc

bulk (cnmax, which is equal to 12 for top sites).18 Note that CN
can also be defined for bridge and hollow sites by adjusting the
value of cnmax,18 and that tensile and/or compressive strain
might also be incorporated in the assessment.19

Furthermore, at each adsorption site on each nanoparticle
we surrounded *OH by three H2O molecules, as depicted in
Fig. 1, and also added one more H atom to *OH to form a 4-
molecule cluster of adsorbed H2O. By relaxing all atoms in
these systems and subsequently obtaining vibrational zero
point energies and entropies through single-atom displace-
ments, we calculated formation and solvation energies using
the computational hydrogen electrode model (CHE) by Nørskov
et al.20 In this model, the target reduction or oxidation reaction
occurs against a counter hydrogen oxidation or hydrogen
reduction reaction 1

2H2 " H+ + e�, which is assumed to occur
without resistance, electrostatic interaction between electrodes,
nor with any hydrogen oxidation or reduction overpotential.
Effectively, this means that H+ + e� can be replaced by 1

2H2 in
the full chemical reaction. The theory behind and implications
of this method have been discussed in several previous
works.21,22 Additionally, the CHE model allows for cancellation
of water molecule binding energies in [*OH + 3*H2O] and
[4*H2O] since it takes the free energies of H2(g) and the redox
partner as a reference. These water molecule binding energies
do not affect the solvation energy directly and cancelling them

largely eliminates any errors included in these binding ener-
gies. The half-reactions for *OH in a micro-solvated environ-
ment and *OH in vacuum are shown in eqn (2A) and (3A),
respectively. The corresponding free energies are calculated
using the CHE as shown in eqn (2B) and (3B), respectively:

[4*H2O] - [*OH + 3*H2O] + H+ + e� (2A)

DGf,MS = DG([*OH + 3*H2O]) � DG([4*H2O]) + 1
2DG(H2(g))

(2B)

* + H2O - *OH + H+ + e� (3A)

DGf,vac = DG(*OH) � DG(H2O(l)) + 1
2DG(H2(g)) (3B)

We define the solvation energy of *OH (OOH) as the differ-
ence between the free energies of eqn (2) and (3):

OOH = DGf,MS � DGf,vac (4)

Further details, including the formation energy calculation and
vibrational calculation methodology, are provided in the ESI,†
Sections S.2 and S.3. All errors listed below are mean absolute
errors (MAEs). We note that previous works assessed the effect
of dispersion corrections at the D3 level in the assessment of
adsorbate–solvent interactions. Those works found differences
between micro-solvation and solvation approaches based on a
water bilayer around 0.05 eV for *OH and *OOH.4,16 This
deviation is smaller than the inherent error for the PBE func-
tional for the assessment of adsorption energies and compar-
able to the standard deviation of our data from the mean
solvation corrections.23 Hence, in this work we did not include
such dispersion corrections (see also the Discussion section).
We note, however, that calculations of bulk liquid water using
GGA exchange–correlation functionals generally resort to dis-
persion corrections to address over-structuring and wetting
problems, as discussed by Gillan et al.24 Additionally, we
performed a spin-unrestricted calculation on a bare Pt38 nano-
particle to determine its spin state and hence the validity of our
spin-restricted calculations. Since the total spin in such a
calculation is zero and the total energy is identical to that of
the spin-restricted calculation, we consider spin-restricted

Fig. 1 Metal nanoparticles with 38, 79, and 201 atoms (from left to right)
with highlighted adsorption sites and *OH solvated by three water mole-
cules. Labels link adsorption sites to their respective generalized coordina-
tion numbers (CN ), as defined in eqn (1).
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calculations to be sufficiently accurate to simulate *OH–nano-
particle interactions for Pt38 and larger particles.

Results

The Pearson correlation coefficients (R) and maximum devia-
tions for scaling relations between formation energies on

various metal nanoparticles on individual adsorption sites are
listed in Table S5 (ESI†). These Pearson correlation coefficients
include information on the sign of the dependency between
two datasets, and can be readily converted to the corresponding
coefficients of determination R2. Most correlations of adsorp-
tion sites have R 4 0.90, suggesting similar adsorption proper-
ties and, hence, comparable local binding interactions. Several
representative correlations are shown in Fig. 2. However, two

Fig. 2 Selected scaling relations for the formation energies of *OH on all metals in a micro-solvated environment between specific adsorption sites,
based on the data listed in Table S2 (ESI†). Linear regressions, correlation coefficients R, and MAEs for either adsorption site involved are listed in Table S5
(ESI†), with corresponding linear fits shown using solid lines. The boxes are sorted by the vertical axes, more specifically the order of the adsorption sites
in Tables S2 and S5 (ESI†). Each panel shows the formation energies on all metals for one adsorption site plotted against another. The axes are labeled
inside the panel with their respective adsorption sites, MN representing the N-atom nanoparticle, followed by CN of the adsorption site. In the case of the

top-left box, formation energies on the CN = 5.17 sites on 201-atom nanoparticles are plotted on the horizontal axis, and formation energies on the

CN = 6.00 sites on 38-atom nanoparticles are plotted on the vertical axis. Pt energies are adapted from previous works.16 Metals and numbers are
denoted as described in the top-right legend.
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types of sites show only weak correlations with the other sites:
(111) terrace sites on 38-atom nanoparticles, and (100) terrace
sites on 201-atom nanoparticles. The former can be attributed
to confinement effects and deviation from bulk electronic
structures of the small nanoparticles,25 and the tendency of
these nanoparticles to corrugate or even reconstruct in the
presence of an adsorbate.18 The latter was observed earlier on
Pt201, and is likely explained by the local environment sur-
rounding the (100) terrace site:16 solvent water molecules
involved in stabilizing *OH are bound strongly by nanoparticle
edges, which force the solvent molecules into a strained 90-
degree configuration with respect to the adsorbate that cannot
be resolved by rotating them. Ag binds *OH on 100 T closely to
the trend, and Au even stabilizes it beyond the scaling relation,
suggesting they bind water or the adsorbate sufficiently weakly
to allow for better solvent coordination with a negligible energy
penalty. Note in passing that (100) facets of various transition
metals have been reported before to exhibit peculiar adsorption
energies and electrocatalytic properties.26–28 All formation ener-
gies on specific adsorption sites, and corresponding linear
regressions against adsorption site generalized coordination

numbers (CN ) excluding the 38-atom nanoparticle and (100)
terrace sites, are shown in Fig. 3. Unless specified otherwise,
this set of adsorption sites is used in this work.

Mean formation energies for *OH under vacuum conditions
are calculated for each metal across all sites, excluding the 38
atom nanoparticle and 100 terrace sites, as described in the

Methods section above using the computational hydrogen
electrode.20 These are in decreasing order: Au (1.33 �
0.11 eV), Ag (1.06 � 0.17 eV), Pd (0.90 � 0.12 eV), Pt (0.81 �
0.23 eV), and Ir (0.36 � 0.30 eV). We note that several adsorp-
tion sites on different metals were excluded, since no stable
top-binding configuration was found. Additionally, previous
work on Pt nanoparticles and extended surfaces shows that
binding energies using OH(g) as a reference are rather exother-

mic and also scale with CN , analogous to the correlation

between DGvac and CN found in this work.18,29 Under micro-
solvation, the mean formation energies for *OH are calculated
for the same sites as above, as described in the Methods
section. These are in decreasing order: Au (0.57 � 0.18 eV),
Pd (0.23 � 0.12 eV), Pt (0.18 � 0.21 eV), Ag (0.07 � 0.11 eV), and
Ir (�0.30 � 0.46 eV). The trend between these formation
energies for *OH in vacuum are in line with earlier DFT
calculations in which *OH binds most weakly on Ag and Au,
and more strongly on Pd, Pt and Ir.30,31 For micro-solvated *OH
on Ag nanoparticles, however, the formation energy is signifi-
cantly more negative than observed for other transition metal
nanoparticles, as shown in Fig. 4. The hydrophobicity of Ag,
and to a lesser extent Au, observed for polycrystalline surfaces
of respective metals,32 causes water to bind weakly on nano-
particles of either metal. In the light of energy-decomposition
models,18,33,34 the binding energy of the micro-solvated systems
(be them *OH or a central *H2O, both surrounded by 3
peripheral *H2O molecules) can be decomposed into a sum

Fig. 3 Formation energies of *OH in micro-solvated (open symbols, from eqn (2)) and vacuum (solid symbols, from eqn (3)) environments as a function
of the generalized coordination number (CN ) of the adsorption sites. Pt energies are adapted from previous works.16 The linear fits are based on 79-atom
nanoparticle adsorption sites, and 201-atom nanoparticle adsorption sites excluding the (100) terrace, and the fit qualities and values are listed in Tables
S3 and S4 (ESI†), respectively. Colors and shapes are used to represent various metals and nanoparticles as shown in the inset.
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of different terms accounting for adsorbate–surface interac-
tions, solvent–surface interactions and adsorbate–solvent inter-
actions. For *OH, this is expressed as:

DEbind([*OH + 3*H2O]) = DEbind(*OH) + DEbind(3*H2O) + DEsolv

(5)

DEsolv is anticorrelated with DEbind(3*H2O): given similar
DEbind(*OH), when DEbind(3*H2O) is weaker, adsorbed H2O is
bound less tightly and may move further from its optimum
configuration near its binding site with a smaller energy pen-
alty. This means that the solvating water molecules can coordi-
nate better to the solute species, improving DEsolv. Since *OH is
strongly chemisorbed, it can orient itself less freely towards
solvating H2O than free H2O in the medium, causing the
mobility of solvating H2O to have a greater impact on DEsolv

of *OH than that of free H2O. This leads to more negative OOH

as defined in eqn (4).
*OH formation energies in micro-solvated and vacuum

configurations correlate strongly with CN , with R Z 0.88 and
average deviations smaller than 0.10 eV for micro-solvated and
vacuum configurations on all metals, as shown in Fig. 3 and
listed in Table S8 (ESI†). Average deviations with respect to the
trend are within the expected accuracy of the PBE functional
(no less than 0.10 eV).35 Conversely, we consider the null
hypothesis that formation energies do not fundamentally fol-
low linear trends with respect to coordination numbers, and
deviate with respect to the average formation energy. For each
metal, average deviations from this null hypothesis, as listed in
Table S8 (ESI†), are greater than 0.10 eV. Since deviations
relative to the linear regressions are less than half of deviations

relative to the null hypothesis, binding energies should scale

with CN . These scaling relations are less correlated with the
overall *OH binding energies, in increasing slope order for

vacuum *OH: Ag 0:07 eV=CN
� �

, Pd 0:09 eV=CN
� �

, Au

0:14 eV=CN
� �

, Pt 0:16 eV=CN
� �

, and Ir 0:32 eV=CN
� �

. This
ordering is consistent with the location of the transition metals
in the periodic table, with the slope increasing mainly with
increasing row numbers in the periodic table, and within rows
with decreasing period numbers. When adding micro-solvating
water molecules to the nanoparticles, the slopes are in increas-

ing order: Pd 0:11 eV=CN
� �

, Ag 0:12 eV=CN
� �

, Au

0:13 eV=CN
� �

, Pt 0:17 eV=CN
� �

, and Ir 0:23 eV=CN
� �

. The
slopes for *OH binding energies in vacuum correlate well
(R = 0.93) with those with micro-solvation water molecules, as
shown in Fig. 5.

The differences between the aforementioned slopes in the
micro-solvated and vacuum environments for Pd, Au, and Pt are

smaller than 0:03 eV=CN . This means that the modelled differ-
ence in solvation energies between the sites with the lowest

(kink sites on 38-atom nanoparticles, CN = 3.0) and highest

(111 mid-terrace, CN = 7.5) generalized coordination numbers
is 0.10 eV or smaller, hence within the accuracy of our DFT
method. The difference between the micro-solvated and
vacuum slopes is affected more strongly on Ag

þ0:05 eV=CN
� �

and Ir �0:09 eV=CN
� �

, which may be related
to different solvation physics on these metals, presumably
because of their strong micro-solvation energies. In fact, solva-
tion has been shown to affect the slopes of scaling relations
among *OH, *OOH and *O on porphyrins.36

The micro-solvation energies of *OH on various adsorption
sites for different late transition metals are shown in Fig. 6 and
tabulated in Table S2 (ESI†). Mean solvation energies (OOH) are,
in order of increasing strength, Pt (�0.63 � 0.04 eV), Ir (�0.64
� 0.12 eV), Pd (�0.67 � 0.05 eV), Au (�0.75 � 0.07 eV), and Ag

Fig. 5 Comparison of the slopes of *OH formation energies versus CN in
microsolvated versus vacuum environments across all adsorption sites for
various metals. The solid black line (with correlation coefficient R) is a fit of
the slopes per metal.

Fig. 4 Comparison of average formation energies of *OH in micro-
solvated versus vacuum environments across all adsorption sites for
various metals. The solid black line (with correlation coefficient R and
MAE) is a fit of the mean Gibbs energies for each metal excluding Ag, while
Rdist is the correlation coefficient for the combined binomial distributions
of Gibbs energies for these metals with MAEdist. Multivariate normal
distributions for metals are depicted using ellipses corresponding to
standard deviations.
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(�1.01 � 0.05 eV). These values are mostly in line with earlier
(111) slab calculations on Pt alloys solvated with a water bilayer
by Granda-Marulanda et al.,37 although the corrections for Au
and Ag obtained in this study are considerably more negative.
We attribute the departures for Ag and Au to the relatively weakly-
bound near-surface H2O. In addition, Tripkovic lists hydrogen
bond energies (DEHB(OH)) for *OH on Ag(111), Pd(111), and
Pt(111), which are defined similarly but not identically from the
solvation energies in this study.7 Notwithstanding the fundamen-
tal differences (i.e., a free energy change vs. a DFT energy change),
Pd(111) and Pt(111) have similar hydrogen bond energies as in
our calculations, while Ag(111) is solvated less strongly than
expected from our calculations probably due to a shift in vacuum
*OH binding site from on-top to bridge and the different
exchange–correlation functional (RPBE) used by Tripkovic.

Excluding Ir, the average deviations for individual solvation
energies are below 0.10 eV for all metals, while maximum devia-
tions are no greater than 0.13 eV (for Au), as listed in Table S9
(ESI†). Hence, for most metals (Ag, Au, Pt and Pd) an average

solvation energy rather than a scaling relation as a function of CN
suffices to describe solvation, which generalizes previous observa-
tions for Pt nanoparticles16 to a variety of transition metals. If
additional accuracy is needed, a linear fit might be used for Ag,
with correlation coefficient R = 0.91, and a mean absolute
difference from the fit of 0.03 versus 0.05 eV from the average
solvation energy. By contrast, Ir shows an average individual
solvation energy deviation of 0.12 eV with respect to the mean

value, and a maximum deviation of 0.26 eV. With respect to the

linear regression for Ir solvation energies versus CN (R = �0.81),
the mean deviation is 0.08 eV while the maximum deviation is
0.12 eV. Hence, *OH formation energies under micro-solvation
are not randomly scattered around the mean value, and rather

seem to be anticorrelated with CN , with a slope of �0:10 eV=CN .
To elucidate the physical effects causing the difference

between Ir and the other metals, we need to decompose the
solvation energies (eqn (4)) into the formation energies of
surface (adsorbate–water) complexes and *OH in vacuum:

OOH = DGf,MS � DGf,vac = DGf,[*OH + 3*H2O] � DGf,[4*H2O] � DGf,vac

(6)

Although DGf,MS scales with CN , neither DGf,[*OH + 3*H2O], nor
DGf,[4*H2O] appear to depend linearly on it. The formation
energies of these surface complexes for individual metals
correlate well with each other (R 4 0.80), as shown in Table
S9 (ESI†). It is known that shared adsorption mechanisms and
associated bond orders cause scaling relations to appear
between different adsorbates for equal combinations of metals
and adsorption sites.31,38,39 In this case, assuming that the

dependency of formation energies on CN is similar across
adsorption sites, supported by the correlations described
above, we find scaling relations for DGf,[*OH + 3*H2O] between

metals and for DGf,[4*H2O] between metals, the slopes of which
(listed in Table S10, ESI†) represent ratios of adsorbate–surface

Fig. 6 Solvation energies of *OH (OOH, eqn (4)) as a function of the CN of the adsorption sites. The linear fit for Ir (dotted line) and mean solvation
energies (solid lines) for the other metals are based on 79-atom nanoparticle adsorption sites, and 201-atom nanoparticle adsorption sites excluding the
(100) terrace, only including sites on nanoparticles for which top-binding vacuum configurations exist, as shown in Table S8 (ESI†). Fit values and qualities
are listed in Tables S7 and S8 (ESI†), respectively. Colors and shapes are used to represent different metals and nanoparticles, respectively, as listed in the
inset.
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bond strengths. For most metals, DGf,[4*H2O] depends only

weakly on CN , and its averages range from B0.5 to 0.8 eV with
respect to bulk water. However, DGf,[4*H2O] on Ir is less positive
(on average B + 0.2 eV), and based on the slopes of scaling
relations between DGf,[4*H2O] for individual metals, depends

1.87 to 2.75 times as strongly on CN compared to the other
metals. Similarly, DGf,[*OH + 3*H2O] depends 1.95 to 2.35 times as

strongly on CN on Ir compared to the other metals. However,
the slopes between DGf,vac on Ir versus other metals range from
2.37 to 3.26, and are 22–54% higher than their respective slopes
between DGf,[*OH + 3*H2O]. This uniform weakening of the bond
strength of [*OH + 3*H2O] to the nanoparticle compared to
vacuum *OH adsorption is displayed by Ir, yet not observed on
Ag, Au or Pd. Combined with the observation that formation

energies scale with CN on all metals and most strongly on Ir,

this explains the negative slope of OOH on Ir with respect to CN .
To numerically substantiate the analysis of eqn (6), consider the

cases of iridium and palladium. According to Tables S4 and S9

(ESI†), for Ir we have: DGf ;½�OHþ3�H2O� ¼ 0:34CN � 1:98,

DGf ;½4�H2O� ¼ 0:10CN � 0:38, and DGf ;vac ¼ 0:32CN � 1:47. As a

result, eqn 6 applied to Ir gives: OOH ¼ �0:09CN � 0:13. On the
other hand, following Tables S4 and S9 (ESI†), for Pd we have:

DGf ;½�OHþ3�H2O� ¼ 0:14CN � 0:04, DGf ;½4�H2O�¼ 0:03CNþ0:33, and

DGf ;vac ¼ 0:09CN þ 0:39. Accordingly, eqn 6 gives for Pd:

OOH ¼ 0:02CN � 0:70. Thus, in agreement with Fig. 6, from this
brief analysis we conclude that OOH for Ir sites is a linear function

of CN with a negative slope, whereas OOH for Pd does not depend

strongly on CN and is close to �0.70 eV. Note in passing that the
resulting equations are commensurate to the parameters in
Table S7, which were obtained by linear regression. The differ-
ences stem from the fair correlation coefficients obtained when

correlating DGf,[*OH+3*H2O] and DGf,[4*H2O] with CN .
Finally, analysis of bond lengths, as shown in Table S11

(ESI†), shows a highly consistent O–H bond length in *OH
between metals of 0.976 � 0.001 Å to 0.979 � 0.001 Å, in which
the error bars correspond to average deviations for the specific
metal. Adding micro-solvation water molecules causes an
increase in the O–H bond length in *OH for Ir by 0.023 �
0.003 Å (2.3 � 0.8%), whereas Ag shows an increase of 0.007 �
0.003 Å (0.7 � 0.3%), Au 0.011 � 0.003 Å (2.3 � 0.3%), and Pd
0.013 � 0.007 Å (1.4 � 0.7%). This coincides with a shorter
hydrogen bond distance from H in *OH in Ir, which is 1.775 �
0.105 Å, versus Ag at 2.016 � 0.092 Å, Au at 1.913 � 0.047 Å, and
Pd at 1.858 � 0.108 Å. Similar trends, though less pronounced,
are visible for micro-solvated H2O, which shows longer O–H
bonds relative to micro-solvated *OH across all metals.

Discussion

Ir compared to the other metals. However, in our dataset for

which *OH solvation energies noticeably depend on CN . As
calculating several nanoparticles for the full set of transition metals
is out of the scope of this work, we cannot determine whether Ir is
an exception or part of a trend. However, there is a difference in
adsorption energy slopes between vacuum and micro-solvated *OH
on Ir that is not observed for the other metals. Moreover, we found
additional differences in water binding energies and adsorbate
bond lengths for Ir with respect to the other metals. These
differences suggest that water is bound more strongly on Ir, which
directly causes solvation energies not to be constant. We expect that
this behavior applies to all transition metals that bind water
strongly. This opens up opportunities for further research on
nanoparticles of early transition metals.

Furthermore, solvation corrections for *OH obtained via
micro-solvation by three water molecules have been shown
before to compare well to those obtained from a water
bilayer.3,4 If these bilayer solvation corrections in turn agree
with the solvation corrections obtained via ab initio molecular
dynamics (AIMD), this by extension lends more credence to the
accuracy of micro-solvation. The results in Table 1 suggest that
a water bilayer suffices to capture the energetics of solvation at
metal surfaces. Indeed, the solvation energy of *OH on Pt(111)
was found to be �0.57 eV using a static bilayer,37 and �0.58 �
0.07 eV by means of AIMD calculations,40 both calculated with
RPBE-D3. The static bilayer with PBE also gives OOH =
�0.58 eV,3 and in this study we found an average solvation
correction of�0.63� 0.04 eV for *OH on Pt nanoparticles with PBE.

In addition, the average solvation energy of *OH on Au found
in this study is �0.75 � 0.07 eV, which is close to the value of
�0.68� 0.08 eV obtained by means of AIMD,40 and to the value of
�0.68 eV obtained using a water bilayer (see Section S.8, ESI†).
Furthermore, the average number of hydrogen bonds for *OH in a
bilayer and in our micro-solvation approach is 3, which is close to
the average values of 2.76 � 0.07 and 2.96 � 0.02 bonds found
using AIMD for Pt(111) and Au(111). Altogether, these observa-
tions support the idea that, in spite of their simplicity, a water
bilayer and micro-solvation with 3 water molecules both seem to
capture the essence of *OH solvation on transition metals.

Conclusions

Adsorbate-solvent interactions are of great importance for
catalytic processes in aqueous media, and micro-solvation
provides a promising means of efficiently and inexpensively
capturing these interactions in computations. In this work, we

Table 1 Comparison between different approaches for the assessment of the number of hydrogen bonds made between *OH and water, and the
solvation correction for *OH. AIMD: ab initio molecular dynamics. MS: micro-solvation. Bilayer: a periodic ice-like water layer above the surface

Metal

Number of hydrogen bonds OOH (eV)

AIMD MS (this work) AIMD Bilayer MS (this work)

Pt 2.76 � 0.0740 3 �0.58 � 0.0740 �0.57,37 �0.583 �0.63 � 0.04
Au 2.96 � 0.0240 3 �0.68 � 0.0840 �0.68 (this work) �0.75 � 0.07
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have shown that the trends in and averages of micro-solvation
energies for *OH on nanoparticles are comparable for several
late transition metals. Crucially, for Ag, Au, Pd and Pt the
solvation energy can be considered independent of local nano-
particle geometry for sufficiently large nanoparticles and
extended surfaces, especially when the sites display hexagonal
symmetry.

Average solvation corrections are larger (i.e., more negative)
for weakly binding metals such as Ag and Au, compared to
other late transition metals. For strongly binding metals such
as Ir, hydrogen bonds from strongly bound water molecules
weaken the *OH–nanoparticle bond and, thus, solvation ener-
gies scale linearly with the coordination of the adsorption sites.

In broad terms, we found via micro-solvation that *OH–
water interactions are generally constant on nanoparticles of a
given late transition metal, regardless of the coordination of the
adsorption sites. When *OH–water interactions are not con-
stant, generalized coordination numbers may be used to ratio-
nalize the trends.
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