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LITERATURE REVIEW OF EXPERIMENTALLY DETERMINED CO ADSORPTION SITES

In order to choose which geometry and coverage to use for CO adsorption calculations, a review was conducted of
the experimental literature. The results are summarised in Table S1.

Table S1 summarises the experimental literature reports on the structure of the surfaces, both with and without a
CO overlayer. Figure S1 illustrates the geometry at which CO was assumed to adsorb in this study. For most cases,
there was consensus in the literature about the structures, but for some surfaces there was less agreement.1

There is some uncertainty about the adsorption site for CO on Rh{110}.1 While it is known that CO adsorbs on
the short bridge site with a p2mg (2× 1) structure at 1 ML coverage, there is little consensus in the literature about
whether CO adsorbs at the same site or atop in the 0.5 ML coverage c(2×2) structure.1,3 An early study by Marbrow
and Lambert2 found that the temperature programmed desorption (TPD) spectra had a single peak. They suggested
from this that the adsorption site at 0.5 ML must match that for 1 ML. As Batteas3 and others1 found that the
adsorption site for 1 ML of CO on Rh{110} is the short bridge, this suggests that the 0.5 ML adsorption site must
be the same. However, Dhanak and co-workers20 performed an X-ray photoelectron spectroscopy (XPS) study that
suggested that CO adsorbs atop at 0.5 ML and transitions to the short bridge site at higher coverages. Wei and
co-workers1 made a thorough review of the literature prior to 1997 and said that while no firm conclusion could be
made, the evidence better supported the short bridge site at 0.5 ML.

CO adsorbs on the Pd{110} surface to form an ordered overlayer with a distinctive LEED pattern indicating a
(2× 1) cell with p2mg symmetry.1 The glide symmetry arises from CO having alternating tilts along the close-packed
rows. The Pt{110} surface exhibits a missing row reconstruction under UHV conditions, which is lifted in the presence
of CO.9 Comrie and Lambert9 found that this overlayer was analogous to that formed on Pd{110}.
There are not many literature reports on CO adsorption on gold and silver and what reports there are often

disagree.14,21 The adsorption heat is small, and for some surfaces there may be no ordered overlayer.11 Interestingly,
the adsorption heat for CO on silver was found by several studies to be lower than that for gold, in contradiction to
conventional wisdom regarding the relative reactivities of these metals, but corresponding to the lower atomic softness
for silver compared with gold which was found in the current study.21 For the purposes of this work we have assumed
CO adsorbs on the {111}, {100} and {110} gold and silver surfaces in an ordered overlayer. We have further assumed
that this ordered overlayer has the same structure as the overlayer of CO on the equivalent copper surface. These
assumptions are illustrated in Fig. S1.

Concerning adsorption of CO on the Au{110} surface, some studies suggest an ordered CO overlayer and a lifting
of the reconstruction, whereas others differed.15,22 One study, by Gottfried and co-workers23, found no long-range
order to the CO overlayer on Au{110}. They also did some angle-resolved ultra-violet photoemission spectroscopy
(ARUPS) measurements that suggested that CO may adsorb parallel to the surface. Meyer et al22 report that for
a wide range of temperatures and pressures of CO the reconstruction was not lifted. In contrast to these findings,
Jugnet et al19 suggest that CO lifts the reconstruction to result in a (1 × 1) cell. The same authors thought that
CO linearly chemisorbs in an atop position.19 However, it should be noted that just because the reconstruction was
lifted to form a (1 × 1) cell in the presence of CO, that does not necessarily mean that an ordered overlayer of CO
formed with (1× 1) symmetry.9 LEED is a diffraction technique and therefore only shows ordered surface structure.
A disordered overlayer would therefore be invisible to LEED, other than contributing to a diffuse background.

In a similar case to Au{110}, early studies of Au{100} found no ordered CO overlayer.22 However, later studies
by Pierce and co-workers have found that at higher pressures of CO there is a stable overlayer formed.15,17 The
same authors also found that CO adsorption lifted the hexagonal reconstruction of Au{100} to a (1× 1) structure.17

Pierce et al17 did not report an adsorption site for CO on Au{100}, but Nakamura and co-workers18 found that
their polarization modulation infrared reflection absorption spectroscopy (PM-IRAS) results were consistent with CO
adsorbing atop Au atoms.

Similarly, for Au{111}, early studies found that adsorption of CO lifted the herringbone (23×
√
3) reconstruction

and (under certain conditions of high temperature and CO pressure) restored the (1×1) structure.22,24 However, they
also found that the surface might not form an ordered (1 × 1) overlayer.22,24 In contrast, while later authors agreed
with Peters et al in finding that CO lifted the herringbone reconstruction, they also found that the reconstruction
was completely lifted at 250 Torr, resulting in a (1× 1) structure, with CO adsorbed atop.16 For the purposes of this
work we have assumed that CO forms an ordered overlayer on Au{111} that has the same structure as that formed
by CO on Cu{111}.
In terms of CO adsorption on Ag{111}, Abild-Pedersen and co-workers report that CO adsorbs atop.10 However,

other literature reports suggest that there is no ordered overlayer for CO on Ag{111}.11,12 Work by Hansen and co-
workers12 suggests the CO molecules have a random orientation on Ag{111}. For the Ag{110} surface, the literature
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suggests the CO is very weakly bound, and may even be bound with a random orientation, or with the CO bond
parallel to the surface.14 There has been little reported in the literature on the adsorption of CO on a clean Ag{100}
surface. However, work by Burghaus and co-workers13 suggests that the clean surface does not reconstruct.

Figure S1: Figures showing the optimised CO adsorption sites starting from the literature lowest-energy adsorption
positions.
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GEOMETRIES USED FOR CALCULATIONS WITH CO IN ATOP SITE AT LOW COVERAGE

The following cell sizes and Brillouin-zone sampling meshes were used for calculations of adsorption heat at low
CO coverage in the atop site.

Surface Adsorption structure θ/ ML k-points

Rh{111} (
√
3×

√
3) R30◦ 1/3 8× 8× 1

Rh{100} c(2× 2) 1/2 6× 6× 1
Rh{110} c(2× 2) 1/2 5× 5× 1

Pd{111} (
√
3×

√
3) R30◦ 1/3 5× 5× 1

Pd{100} (2
√
2×

√
2) R45◦ 1/2 3× 6× 1

Pd{110} (2× 1) 1/2 4× 6× 1

Pt{111} (
√
3×

√
3) R30◦ 1/3 8× 8× 1

Pt{100} c(2× 2) 1/2 6× 6× 1
Pt{110} (2× 1) 1/2 4× 6× 1

Cu{111} (
√
3×

√
3) R30◦ 1/3 8× 8× 1

Cu{100} c(2× 2) 1/2 6× 6× 1
Cu{110} (2× 1) 1/2 4× 6× 1

Ag{111} (
√
3×

√
3) R30◦ 1/3 8× 8× 1

Ag{100} c(2× 2) 1/2 6× 6× 1
Ag{110} (2× 1) 1/2 4× 6× 1

Au{111} (
√
3×

√
3) R30◦ 1/3 8× 8× 1

Au{100} c(2× 2) 1/2 6× 6× 1
Au{110} (2× 1) 1/2 4× 6× 1

TABLE S2: CO adsorption geometries and Brillouin zone sampling used in each case.
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SUPERCELL GEOMETRIES FOR CO ADSORPTION CALCULATIONS

Table S3 shows the supercell geometries which were used for the softness denominator calculations. ns and nv were
used to denote the number of slab and vacuum layers respectively.

The slab thickness was calculated as

ds = c
ns

ns + nv
(1)

where c is the supercell surface-normal dimension. There is a similar expression for the vacuum thickness,

dv = c
nv

ns + nv
(2)

The value of c in each case was based on theoretical lattice constants, obtained by optimising primitive unit cells
with convergence parameters consistent with those used in the subsequent surface calculations.

Surface ns nv nrelax ds/Å dv/Å c/Å
Rh{111} 9 9 3 20.0 20.0 39.9
Rh{100} 10 10 3 19.2 19.2 38.4
Rh{110} 14 14 4 19.0 19.0 38.1
Pd{111} 8 8 3 18.0 18.0 36.1
Pd{100} 10 10 3 19.5 19.5 38.9
Pd{110} 14 14 4 19.3 19.3 38.5
Pt{111} 8 8 3 18.3 18.3 36.6
Pt{100} 10 10 3 19.8 19.8 39.6
Pt{110} 13 13 4 18.2 18.2 36.4
Cu{111} 9 9 3 18.7 18.7 37.4
Cu{100} 10 10 3 18.1 18.1 36.2
Cu{110} 15 15 4 19.1 19.1 38.2
Ag{111} 8 8 3 19.0 19.0 38.0
Ag{100} 9 9 3 18.5 18.5 37.0
Ag{110} 13 13 4 18.9 18.9 37.8
Au{111} 8 8 3 19.2 19.2 38.5
Au{100} 9 9 3 18.7 18.7 37.5
Au{110} 13 13 4 19.1 19.1 38.3

TABLE S3: Table showing the numbers of slab and vacuum layers, the number of layers of metal which were relaxed
on each side of the slab, the thickness of slab and vacuum and the surface-normal supercell dimension c.
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COMMENTS ON PBE ADSORPTION ENERGIES FOR CO ON TRANSITION METALS

As noted in the main text, the literature indicates a tendency for PBE calculations to overestimate the magnitude
of adsorption energies for CO on transition metals. Here, we wish to provide some further points of comparison based
upon our own present calculations for rhodium, palladium, and platinum.

The first point of difficulty when comparing theoretical and experimental adsorption energies relates to the coverage
regimes probed and to the definition of adsorption energy itself. In calculations performed at a particular coverage, the
usual definition of adsorption energy corresponds to the mean energy change per adsorbed molecule when building up
from zero coverage to the coverage addressed in the calculations. In contrast, two of the most accurate experimental
methods for determining adsorption energy – namely isosteric and microcalorimetirc techniques – provide instead
the change in energy for each newly added molecule over and above the current coverage of the surface. The former
quantity is often described as the integral adsorption energy (i.e. minus the integral adsorption energy) the integral
adsorption heat, while the latter is the differential adsorption energy (i.e. minus the differential adsorption heat).
Where a graph of differential adsorption energy is provided in the literature, it is of course possible to estimate the
integral adsorption energy by averaging from zero coverage up to the desired coverage. In Table S4, this has been
done with microcalorimetric data to provide integral adsorption energies for six systems – even though the papers
cited provide only differential adsorption energies.

Where isosteric or microcalorimetric results are not available, we turn to adsorption energies estimated from
temperature-programmed desorption experiments. Technically, these provide estimates of the desorption barrier
(subject to various assumptions of varying fidelity) and thus only a ceiling for the true adsorption energy. On the
other hand, since the experiments involve desorption of the entire original overlayer, they do correspond more closely
to the integral concept than to the differential. We have used literature values of the low-coverage adsorption energies
inferred from desorption for the 0.00 ML limit in the remaining three of our systems. In all of these cases, the mag-
nitude of the adsorption energy drops substantially with increasing coverage, but the data provided in the literature
does not permit straightforward estimation of the integral values at the coverages we have used in our calculations.

Nevertheless, the overall pattern is clear. In six of our nine transition metal systems, the PBE-calculated adsorption
energy is significantly overestimated relative to the quoted experimental value (on average by 50%). In the case of
Pd{110}, an apparent small underestimate is readily explained by the fact that the experimental value relates to the
low-coverage limit and not to the integral adsorption energy at the coverage actually calculated. Only in the cases of
Pt{100} and Pt{111} is there a true underestimation, by 3.8% and by 2.5%, respectively. Inclusion of Tkatchenko-
Scheffler dispersion corrections would convert these to overestimates by 6.4% and 9.8%, respectively, and for those
systems already overestimated at PBE level the discrepancy would become worse still.

Surface Calculated/ eV Experimental/ eV
Rh{100} -1.998 @ 0.50 ML -1.22 @ 0.50 ML (microcalorimetric)25

Rh{110} -2.098 @ 0.50 ML -1.35 @ 0.00 ML (thermal desorption)2

Rh{111} -1.960 @ 0.33 ML -1.37 @ 0.00 ML (thermal desorption)26

Pd{100} -2.101 @ 0.50 ML -1.40 @ 0.50 ML (microcalorimetric)27

Pd{110} -1.666 @ 0.50 ML -1.73 @ 0.00 ML (thermal desorption)28

Pd{111} -2.219 @ 0.33 ML -1.40 @ 0.33 ML (microcalorimetric)29

Pt{100} -2.050 @ 0.50 ML -2.13 @ 0.50 ML (microcalorimetric)30

Pt{110} -2.201 @ 0.50 ML -1.71 @ 0.50 ML (microcalorimetric)31

Pt{111} -1.736 @ 0.33 ML -1.78 @ 0.33 ML (microcalorimetric)32

TABLE S4: Table showing CO adsorption energies for nine transition metal surfaces, as calculated in this work using
the PBE functional without dispersion correction. Experimental values are derived from desorption or calorimetric

experiments as indicated. In the latter case, we have estimated the integral adsorption energies at the stated
coverages by examination of the differential adsorption heats provided in the cited papers.
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VARIATION OF APPARENT WORK FUNCTION WITH CHARGE AND VACUUM THICKNESS

We take this opportunity to discuss the effect of surface charging upon the work function of a metal. In doing so,
we focus upon Pd{100} as our example, but believe that a similar picture should hold for other similar surfaces. In
Fig. S2, we plot the planar-averaged electric potential as a function of distance from the slab centre, relative to the
calculated Fermi level. The work function may then be obtained from the value of the potential in the middle of the
vacuum region. Our estimate for the neutral case is not fully converged within the geometries studied here, but lies
close to 5.06 eV (cf. 5.22 eV for polycrystalline palladium33 according to experiment).
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Figure S2: The left-hand panels depict the calculated electric potentials for a series of supercells of differing lengths,
each containing an eight-layer Pd{100} slab. Black curves are for the neutral case, whereas red and blue curves

represent cases bearing positive and negative surface excess charges respectively (±0.02 e.Å−2). The right-hand panel
shows the apparent work function with respect to the number of vacuum layers (nv) using the same colour code.

In the positively charged case, however, the apparent work function varies linearly with the thickness of the vacuum
region, consistent with expectations from classical electrostatics that the potential due to an infinite charged plate
should vary linearly with distance. In effect, the work function is now poorly defined. Extrapolating back to a vacuum
thickness of zero yields a limiting work function of −1.31 eV, but quite what physical meaning should be attached to
this is unclear. Interestingly, the apparent work functions obtained in the negatively charged case extrapolate back to
almost the same value (−1.27 eV) but in all of these calculations the vacuum potential dips below zero and electron
density therefore accumulates in the vacuum region; this screens the effect of the surface monopole, resulting in a
very shallow gradient with respect to vacuum thickness, and indeed one that trends in the opposite direction to that
which one would otherwise expect.
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COMMENTS ON SPIN POLARISATION

The Slater model of itinerant ferromagnetism predicts spontaneous magnetisation when the density of states at the
Fermi level of a metallic system exceeds a certain threshold – a circumstance that occurs amongst the pure elements
only for iron, cobalt, and nickel. In systems where the effective coordination number is lowered, however, the d-band
of other transition metals may be sufficiently narrowed – and the Fermi-level density of states concomitantly raised
– as to predispose toward a ferromagnetic solution Just such a situation may be found in metallic thin films, and
could even conceivably happen at native metal surface in the right circumstances. Such circumstances might include
the imposition of surface excess charge, so as to shift the Fermi level up or down in energy – perhaps into an energy
window where the density of states that exceeds the Stoner criterion.

In our case, although we carry out calculations with a finite surface excess charge (±0.02 e.Å−2) our intention in
doing so is to estimate a gradient (i.e. the softness) in the charge-neutral limit. We believe it is most consistent,
therefore, to perform our density functional calculations with spin restricted to be precisely zero. Nevertheless, we
include here a brief summary of results for spin-unrestricted calculations on palladium surfaces. Given trends in
valence occupancy and bandwidth as one moves horizontally and vertically within the d-block, we expect rhodium to
be a little more susceptible to magnetic instability in response to surface excess charge, and platinum to be a little
less. Our results for palladium are summarised in Table S5.

Surface Negative Neutral Positive
Pd{100} 0.0000 µB (0.0000 eV) 0.0000 µB (0.0000 eV) 0.0000 µB (0.0008 eV)

0.0233 µB (0.0163 eV) 0.0004 µB (0.0000 eV) 0.0008 µB (0.0008 eV)
0.3717 µB (0.0082 eV) 0.0016 µB (0.0000 eV) 0.2702 µB (0.0000 eV)

Pd{110} 0.0000 µB (0.0005 eV) 0.0000 µB (0.0007 eV) 0.0000 µB (0.0012 eV)
0.1537 µB (0.0000 eV) 0.1852 µB (0.0000 eV) 0.2178 µB (0.0000 eV)

Pd{111} 0.0000 µB (0.0215 eV) 0.0000 µB (0.0124 eV) 0.0000 µB (0.0145 eV)
0.2660 µB (0.0189 eV) 0.1938 µB (0.0120 eV) 0.2469 µB (0.0136 eV)
0.4954 µB (0.0000 eV) 0.4490 µB (0.0000 eV) 0.4760 µB (0.0000 eV)

TABLE S5: Magnetic moments and energies (both per atom) for Pd{100} as a 10-layer slab, Pd{110} as a 13-layer
slab, and Pd{111} as an 8-layer slab. In each case, the top line was obtained from a strictly spin-unpolarised

calculation. Other lines were obtained by relaxing the total slab spin from a starting value of either 0 µB or 1 µB .
Note that magnetic moments were obtained by summing the net magnitude of the spin across a real-space grid, not

the net spin itself. In all cases, the sum of the net spin (as opposed to its magnitude) was very close to zero.

As can be seen from the tabulated data, strictly unpolarised solutions are straightforwardly the most stable only for
the negative and neutral Pd{100} slabs. In all other cases, solutions with spin-per-atom in the range 0.15–0.50 µB are
more favourable, although by less than 0.0015 eV per atom for the positive Pd{100} slab and all of the Pd{110} slabs.
Only for the Pd{111} slabs does the preference for spin-polarised solutions become substantial, but even here we must
take note that calculations based upon ultrasoft psuedopotentials – at least for iron – can overstate the stability of
high-spin solutions y as much as 0.06 eV.µ−1

B relative to all-electron calculations.34 Viewed in this light, it is not clear
that the high-spin solutions found here should be given much credence. Moreover, all of the high-spin solutions were,
in fact, antiferromagnetic and featured significant spin throughout the slab. That is, they were patently unphysical,
implying an incorrect ferromagnetic state for bulk palladium.

In summary, we found that inclusion of spin gave rise only to unphysical solutions whose energy was lower than that
of the spin-unpolarised solutions by an amount less than the likely error inherent in using ultrasoft pseudopotentials
for the calculations. Given that our intention is to use our finite-charge calculations to infer results for infinitesimal
charge, in which situation any spin polarisation ought to vanish anyway, we opted not to include spin polarisation in
our production calculations.
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EXTRAPOLATION OF THE DENOMINATOR OF LOCAL SOFTNESS

Figure S3: Comparison of denominator convergence for {111} surfaces of different metals. A constant 1:1 slab to
vacuum ratio was used.
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Figure S4: Comparison of denominator convergence for {100} surfaces of different metals. A constant 1:1 slab to
vacuum ratio was used.
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Figure S5: Comparison of denominator convergence for {110} surfaces of different metals. A constant 1:1 slab to
vacuum ratio was used.
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FITTING PARAMETERS FOR THE SOFTNESS DENOMINATOR

Fitting parameters of the exponentials from the preceding section are summarised in Table S6. The asymptotic
value of the exponential, A, was taken as the standard denominator of local softness for each surface. The table shows
a smaller magnitude of this parameter for the three transition metals compared with the coinage metals, implying an
inherent tendency toward larger local softness.

Surface A / eV Å
2
e−1 B / eV Å

2
e−1 k / Å

−1

Rh{111} -0.273 -2.65 -0.0309
Rh{100} -0.260 -2.58 -0.0299
Rh{110} -0.235 -2.54 -0.0276
Pd{111} -0.217 -2.24 -0.0265
Pd{100} -0.215 -2.44 -0.0277
Pd{110} -0.210 -2.28 -0.0259
Pt{111} -0.254 -2.77 -0.0265
Pt{100} -0.308 -3.30 -0.0314
Pt{110} -0.267 -2.78 -0.0274
Cu{111} -0.549 -5.80 -0.0305
Cu{100} -0.562 -6.00 -0.0305
Cu{110} -0.628 -6.43 -0.0324
Ag{111} -0.615 -8.26 -0.0280
Ag{100} -0.724 -9.62 -0.0285
Ag{110} -0.824 -9.21 -0.0317
Au{111} -0.456 -8.46 -0.0251
Au{100} -0.748 -10.9 -0.0319
Au{110} -0.784 -13.2 -0.0368

TABLE S6: Table of fitted parameters obtained by modelling the convergence of the denominator of local softness
with an exponential of the form A+B exp(kc) where c is the supercell surface-normal dimension.
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PLANAR-AVERGAED PLOTS OF LOCAL SOFTNESS
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Figure S6: Planar-averaged softness values for all studied slabs as a function of distance from the slab centre. Black,
blue, and red curves correspond to the 100, 111, and 110 surface orientations, respectively. Horizontal bars indicate

the separation of the outermost layers of each slab, measured from the nuclear coordinates.
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ISOSURFACES OF LOCAL SOFTNESS

Figure S7: Side views of the local softness for all studied coinage metal surfaces, projected onto an isosurface
corresponding to a valence electron density of one-third of its bulk value.
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Figure S8: Side views of the local softness for all studied transition metal surfaces, projected onto an isosurface
corresponding to a valence electron density of one-third of its bulk value.
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TABLES OF ADSORPTION ENERGIES AND TOP-LAYER SOFTNESS VALUES

Surface s1 / eV−1 CO Adsorption Energy/ eV Coverage/ ML
Cu{111} 5.475 -1.099 1/3
Ag{100} 5.521 -0.548 1/2
Ag{110} 5.732 -0.625 1/2
Au{100} 6.280 -0.621 1/2
Cu{100} 6.344 -1.288 1/2
Ag{111} 6.626 -0.479 1/3
Cu{110} 6.941 -1.323 1/2
Au{110} 7.084 -0.843 1/2
Au{111} 8.740 -0.481 1/3
Rh{111} 12.988 -1.960 1/3
Rh{100} 14.276 -1.998 1/2
Pt{100} 14.798 -2.050 1/2
Pt{111} 14.969 -1.736 1/3
Pd{111} 16.896 -2.219 1/3
Pd{100} 18.388 -2.101 1/2
Rh{110} 18.870 -2.098 1/2
Pt{110} 20.002 -1.981 1
Pd{110} 24.129 -1.491 1

TABLE S7: Table showing the top-layer atomic softness, s1, and calculated CO adsorption energy at the literature
adsorption site for eighteen different metal surfaces. The adsorption energies are all for the most favourable site

based on the experimental literature.

Surface s1 / eV−1 CO Adsorption Energy/ eV Coverage/ ML
Cu{111} 5.475 -1.099 1/3
Ag{100} 5.521 -0.548 1/2
Ag{110} 5.732 -0.625 1/2
Au{100} 6.280 -0.621 1/2
Cu{100} 6.344 -1.288 1/2
Ag{111} 6.626 -0.479 1/3
Cu{110} 6.941 -1.323 1/2
Au{110} 7.084 -0.843 1/2
Au{111} 8.740 -0.481 1/3
Rh{111} 12.988 -2.202 (-1.960) 1/3
Rh{100} 14.276 -2.282 (-1.998) 1/2
Pt{100} 14.798 -2.267 (-2.050) 1/2
Pt{111} 14.969 -1.954 (-1.736) 1/3
Pd{111} 16.896 -1.680 (-1.464) 1/3
Pd{100} 18.388 -1.771 (-1.568) 1/2
Rh{110} 18.870 -2.365 (-1.998) 1/2
Pt{110} 20.002 -2.409 (-2.201) 1/2
Pd{110} 24.129 -1.850 (-1.666) 1/2

TABLE S8: Table showing the top-layer atomic softness and calculated atop site CO adsorption energy for eighteen
different metal surfaces. The adsorption energies are all for CO adsorption at the atop site, even where a different

site would have a more exothermic adsorption. Also the coverages were kept at 0.5 ML or below, and the
un-reconstructed surfaces were used, even where this was found not to be the case experimentally. Values in

parentheses were calculated without dispersion correction.
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