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Abstract: A new property is reported that accurately quantifies
and spatially describes the chemical reactivity of solid surfaces.
The core idea is to create a reactivity weight function peaking at
the Fermi level, thereby determining a weighted summation of
the density of states of a solid surface. When such a weight
function is defined as the derivative of the Fermi—Dirac
distribution function at a certain non-zero temperature, the
resulting property is the finite-temperature chemical softness,
termed Fermi softness (Sp), which turns out to be an accurate
descriptor of the surface reactivity. The spatial image of Sy
maps the reactive domain of a heterogeneous surface and even
portrays morphological details of the reactive sites. Sr analyses
reveal that the reactive zones on a Pt;Y(111) surface are the
platinum sites rather than the seemingly active yttrium sites,
and the reactivity of the S-dimer edge of MoS, is spatially
anisotropic. Our finding is of fundamental and technological
significance to heterogeneous catalysis and industrial processes
demanding rational design of solid catalysts.

Structure-reactivity relationships are a core subject of all
chemical research, and are of particular importance to
heterogeneous catalysis,"? a discipline that forms the foun-
dation of many industrial processes, including those involving
chemical production,®* energy conversion,>® and environ-
mental remediation.”* Given a molecular reactant or a solid
catalyst, substance structure can be analyzed in atomistic
detail with sophisticated physical methods, such as X-ray"!
spectroscopy, diffraction and imaging as well as electron-
based techniques."” However, reactivity is a piece of chemical
information that is not readily available for direct observa-
tion. To experimentally characterize the reactivity of a studied
substance, external perturbations generally have to be
induced. For instance, a test molecule may be used to probe
how reactive the substance is. However, it would be much
more convenient (and practically useful) if the reactivity of
the studied substance could be directly and intrinsically
described without involving these additional interactions.
Efforts in this area of research have resulted in development
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of chemical reactivity theories,"'? such as the frontier
molecular orbital (FMO) theory."!

Focusing on the highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO), FMO theory
greatly simplifies the analysis of chemical reactivity and is
able to provide a spatial description of the active site
distribution on a molecule.">'¥ Besides, a number of elec-
tronic properties have been identified as the index, or
descriptor, of chemical reactivity.'!! These include the elec-
tronegativity!” and chemical hardness/softness,'*'"! well-
known by chemists. These widely applied theories and
concepts are designed for molecular systems but are not
adequate for solid catalysts'>!*] where a large number of
frontier orbitals have to be dealt with.!*?"]

The chemical bonding on the surface of solids is much
more complicated than that in discrete molecules. For a solid
surface, not only the half-occupied Fermi level (Ey), but also
the unoccupied states above Ey and the fully occupied states
below Ep interact with the HOMO and LUMO of the
adsorbate!”” (Supporting Information, Figure S1). In other
words, the whole frontier electronic band of the solid surface
is reactive. Yet not every state in the band contributes equally
to the surface bonding. Energy analyses reveal that the closer
the state is to the Ep the greater its contribution to bonding
(Figure 1 A; Supporting Information, Figure S1). Hence the
reactivity of the solid surface should be determined by both
the density of states (g(E)) and a weight function (w(E))that
quantifies the contribution of every state to the surface
bonding. We hypothesized that the sum of all the weighted
contributions ([g(E)w(E)dE) would then act as a reactivity
index of the solid surface (Figure 1B).

A crucial task is to find an appropriate form of the w(E).
Herein, we assign w(E) to the derivative of the Fermi-Dirac
distribution  function® at a non-zero temperature,
—f(E—Ey), which reaches a maximum at E and descends
to zero as | E—E| increases (Figure 1B; Supporting Infor-
mation, Figure S2). The weighted sum of the reactivity
contribution is then:

S = [ sEWENE =~ [ oBf y(E-EndE 1)

The resulting quantity (Sg) is termed the Fermi softness (that
is, finite-temperature chemical softness), as it takes a form of
the chemical softness (s) defined by density functional theory
(DFT):1
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optimal at 0.4 eV (for further exam-
ples of the correlation with surface
reactivity see the Supporting Infor-
mation, Figure S3).

The Fermi softness is an average
property of the solid surface
because the density of states (g(E))
is a global quantity averaged over
the space. If the local density of

Epr states (g(E,r)) is used," then the
C:I resulting Fermi softness,

kT>0

derivative

$:() == [ 9ENFYE-ENAE. ()
Fermi-Dirac
distribution
function

becomes a local property of the
solid surface, namely, a spatially
resolved descriptor of the surface
reactivity. Since Sg(r) is a function
of space, it can also be viewed as
a chemical reactivity field over the
solid surface.

The calculation of Sg(r) is com-
° 5 putationally low-cost. Given a solid

kT=0.4¢eV
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Figure 1. Definition of Fermi softness (S;) and its correlation with surface reactivity. A) Energy
analysis of surface bonding. Every state in the band, whether occupied or not, can contribute to the
bonding; those closer to the Fermi level (Ef) are of more significance, as judged by the energy gain
(red bar) and loss (green bar) on bonding (Supporting Information, Figure ST1). B) S; is defined as

a weighted sum of the density of states [g(E)w(E)dE, where the weight function w(E) (peaking at the
Fermi level) is taken in the present work to be the derivative of the Fermi-Dirac distribution function
—f(E—Ef). C) Without spreading (that is, kT=0eV), the S is the same as the density of states at
Fermi level (g(E)), which does not correlate well with the surface reactivity (indicated here by the
bonding with O,4). D) By adjusting the nominal electronic temperature (for example, kT=0.4 eV),
the S¢ exhibits a significant correlation with the surface reactivity (Spearman’s r=—0.94). Table S1 in
the Supporting Information lists the adsorption energy data that were applied here.

surface with defined structure, the
wave function of every energy
eigenvalue (y(r)) can be obtained
by a single-point DFT calculation.
Using g(E,r) =|y(r) |% the Sp(r) is
then obtained by summing the
weighted g(E,r) values over an
energy range Ep + E . (see Exper-
imental Section). Figure 2 displays
calculated Sg(r) maps for the closed
packed surfaces of different transi-
tion metals, where the resulting
Sk(r) is projected onto an isosurface
of charge density over the metal

where the chemical potential (u) is replaced with Ep the
electron number N is calculated through an integral of the
g(E) with a Fermi-Dirac distribution at finite temperature,!'!
and the derivative of g(E) with respect to Ep is neglected.
The spreading of the w(E) can be adjusted with the
parametric temperature (7)) or the nominal electron temper-
ature (k7, where k is Boltzmann’s constant; Supporting
Information, Figure S2). To demonstrate the vital effect of
w(E) spreading, we use an adsorption energy dataset
(Supporting Information, Table S1) to check the correlation
between the resulting Sp and the surface reactivity. As
displayed in Figure 1C and D, the Si at k7T=0 eV, which is
literally the density of states at Fermi level g(Eg), shows
a weak correlation with the surface bonding strength (Spear-
man’s r=—0.40). In contrast, when kT is set to a non-zero
value, 0.4 eV for example, the resulting Sg becomes signifi-
cantly correlated with the surface reactivity (Spearman’s
r=—0.94). Systematic investigations show that significant
correlation holds in a range of k7 from 0.1 to 1 eV, and is
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surface (the intensity of Sg(r) is
expressed chromatically). Note that
the value of Sg(r) (with the units keV~'A~%) is absolute and
comparable between different surfaces, although the scale of
Sr(r) in each image is specifically chosen for visual clarity.
Figure 2 clearly shows that the Sp(r) of early transition
metals is generally greater than that of late transition metals,
and that the copper group is of the lowest reactivity, as
expected. An important feature revealed by Figure 2 is that
surface reactivity appears to be localized at the nucleus sites
for late transition metals, while for early transition metals (in
particular d'-d®) Sp(r) tends to distribute in between the
nuclei. These patterns are energetically reasonable because
the early transition metal atoms tend to drive their scarce
valence electrons into the bonding orbitals formed between
atoms. Conversely, late transition metal atoms have excess
valence electrons, which would fill in the non-bonding atomic
orbitals (at Ey) localized at nuclei.
Such a spatially resolved quantification of surface reac-
tivity is particularly valuable when the surface structure
becomes heterogeneous. We demonstrate two examples in the
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Figure 2. Local Fermi softness (S¢(r)) of the closed packed surfaces of transition metals. The S¢(r)

following discussion. The first one is a Pt;Y intermetallic
surface.”” As depicted by the insets of Figure 3 A, the Y(001)
and Pt(111) surfaces show an Sg(r) pattern typical of early and
late transition metals, respectively. Even the weakest domain
of Sg(r) on yttrium is much greater in magnitude than the
strongest part of Sg(r) on platinum, meaning that the pure
yttrium surface is far more active than the pure platinum
surface. When mixing these two elements, the Pt;Y(111)
surface displays an entirely different Sg(r) picture. As shown
in Figure 3 A, the high S value spot appears at the platinum
site, while the yttrium site is of significantly lower activity.

The Sg(r) analysis of Pt;Y(111) indicates that the platinum
site is more reactive than the yttrium site, despite the equal
charge density in space. This observation is contrary to our
chemical intuition, but is not difficult to verify. Herein, we test
the binding strength of seven typical adsorbates at platinum
and yttrium sites. As illustrated in Figure 3 B, the adsorption
energies are all greater in magnitude on platinum, despite the
chemical differences between these probe species. The fact
that the reactivity difference between sites varies with specific
adsorbates is understandable, as the electronic character of
the surface would be perturbed to different degrees upon
adsorption. Nonetheless, the Si(r) results correctly portray
the peculiar reactivity of the Pt;Y(111) surface, which cannot
be achieved with other properties, such as the well-known
d-band center. Specifically, based on the projected density
of states (PDOS; Figure 3 C), the d-band center of the surface
yttrium atom is higher than that of the platinum atom,
indicating that the yttrium sites should be more reactive.
However, this is not the case.

The second example used to demonstrate the power of
Sk(r) employs a more complicated structure; a one-dimen-
sional MoS, edge, which has been identified as the local
structure responsible for the high catalytic activity of the
material in the hydrogen evolution reaction (HER).*!! In this
structure (Figure 4 A), the chemical environment comprises
three types of sulfur atoms (S#1, S#2, and S#3) and two types
of molybdenum atoms (Mo#1 and Mo#2). The periodic S#1
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is pro;ected onto an isosurface of charge

density (under which 95% of the electronic charge resides). The quantity of S¢(r) (with units, keV A=%) is described by a color range (minimum
and maximum are labeled at the left-top and the right-top of each image, respectively). The S¢(r) for manganese is not presented because of the
lack of closed packed surface.

dimer is the reactive edge of interest,”” displaying a sharp
g(E) peak at Ep (Figure 4B), resulting in an Sg significantly
greater than that of the other sulfur species The three-
dimensional view of the Sg(r) (Figure 4 C; Supporting Infor-
mation, Figure S4) provides a spatially precise depiction of
the chemical reactivity of the whole MoS, edge. Although
and Mo#2 exhibit a d, orbital-like Sgp(r)

both Mot#l

Pt3Y(111)

z

N O

Adsorption energy / eV

0 1 2 3 4
PDOS / eV-!

Pt site Y site

Figure 3. Spatially resolved quantification of the chemical reactivity of
a Pt;Y alloy surface. A) The local Fermi softness (S¢(r)) of the Pt;Y(111)
surface is projected onto an isosurface of charge density (under which
95% of the electronic charge resides). The quantity of Sg(r) (with
units, keV~'A~) is described chromatically. Sq(r) of Pt(111) and Y(001)
are also presented for comparison. B) Examination of the reactivity of
the platinum and yttrium site on Pt;Y(111) by comparison of their
binding strengths with various adsorbates. C) The projected density of
states (PDOS) of the platinum and yttrium atoms at the first layer of
the Pt;Y(117) surface, showing that neither the vacancy number nor
the d band center can serve as a reactivity index for this alloy system.
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(with orientations orthogonal with respect to each other), the
reactivity of the molybdenum species is concealed because it
is surrounded by sulfur atoms. On the other hand, the Sg(r) of
S#1 is exposed and resembles a tilted p orbital, in comparison
to the small-sized Si(r) of S#3 and the almost invisible Sp(r) of
S#2 (Figure 4 C and D).

The tilted Sg(r) of S#1 reveals previously unknown, subtle
information: the reactivity of the S#1 dimer edge is spatially
anisotropic. Specifically, although all S#1 atoms are in the
same chemical environment, with the length of an S#1 dimer
(3.06 A) slightly shorter than the distance between two S#1
dimers (3.22 A; see Figure 4D), the tilted Sp(r) makes the
reactivity field over an S#1 dimer stronger than that between
two S#1 dimers. In particular, the distance between the crown
of Sg(r) of two S#1 sites is about 1-2 A (inset of Figure 4 D),
a space configuration that is ideal for catalyzing a two-center
reaction. To ascertain that such a fine structure of surface
reactivity does affect the catalysis, we compared the reaction
energy barrier of H—H bond formation (2H,,—H,) over two
different bridge sites on the S#1 dimer edge, namely the intra-
dimer (br—y) and inter-dimer (br—x) sites (Figure 4E). The
NEB (nudged elastic band) calculations clearly show that
H—H bond formation catalyzed by a single S#1 dimer has
a lower energy barrier (1.2 eV) than that for two S#1 dimers
(1.9 eV). This observation is consistent with the anisotropic
reactivity picture offered by the Sg(r).

In conclusion, Fermi softness is proposed as a readily
obtainable electronic property of the solid surface, which is
quantitatively related to the surface reactivity and also allows
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reactivity imaging with atomistic resolution (for further
examples see the Supporting Information, Figure S5, where
the Si of N-doped graphene indicates that the most activated
sites are carbon atoms located next to the nitrogen dopant.
This observation is consistent with recently reported?
experimental observations). These advanced functionalities
are of vital importance to the study of solid catalysts, but have
not been fully implemented by previously reported methods
(for example, the Fukui function cannot be directly applied to
solids, whereas the d-band center method has no function in
reactivity imaging). The findings presented in this paper will
further the fundamental understanding of solid state chemis-
try and promote rational design of heterogeneous catalysts for
industrial applications.

Experimental Section

Density functional theory (DFT) calculations were performed using
the DACAPO code.’! Ultrasoft pseudopotentials were used to
describe the ionic cores and the plane wave cut-off energy was set to
408 eV (30 Ry). The effects of exchange and correlation interaction
were described by the GGA-PW91 functional.

For the calculations of transition metal surfaces, a 2 x 2 surface
unit cell was used to construct a four-layer metal slab that was then
repeated in supercell geometry with successive slabs separated by
a vacuum region equivalent to six metal layers. Adsorption was
allowed on only one of the two exposed surfaces, and dipole
correction was turned on to account for the resulting asymmetry
effects. The adsorbate layer and the top two layers of the metal slab
were allowed to relax until the forces acting on each non-constrained

Figure 4. Spatially precise depiction of the chemical reactivity of a one-dimensional MoS, edge. A) The computational model, involving three
types of sulfur atoms (S#1, S#2, and S#3) and two types of molybdenum atoms (Mo#1 and Mo#2). B) The density of states (g(E)) projected
onto specific sulfur and molybdenum atoms. C) A three-dimensional view of the calculated Si(r) isosurface (blue, on which S; =55 keV™' A7%); see
Figure S4 in the Supporting Information for more views from alternative perspectives. D) The Si(r) is projected onto two planes normal to the

x direction: plane a intersects two S#1 and one Mo#2 atoms, and plane b contains one Mo#1, two S#2, and one S#3 atoms. E) The difference in
energy barrier for the 2H,4,—H, reaction at two kinds of bridge sites (br—x or br—y, as indicated by the inset) on the S#1 dimer edge, obtained

from NEB (nudged elastic band) calculations.
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atom were less than 0.05 eV A~!. Fermi-Dirac occupation statistics
were employed to smear the electronic states around the Fermi level
and the corresponding electronic temperature was set to 0.1 eV.
The first Brillouin zone was sampled by a 6 x 6 x 1 mesh using the
Monkhorst-Pack scheme.!

The structure of MoS, adopted in the present work was similar to
that in the literature and mimics the STM-observed edge structure
of MoS, on Au(111).?l Parameters for geometry optimization were
set the same as for metal surfaces, except that a k-point mesh of
12x1x1 was used.

Fermi softness calculation: In this paper, global Fermi softness
(Sg) was presented prior to the local Fermi softness (Sg(r)). In practice
the calculation process was inversed: the Sp(r) was first calculated
using Eq. 3, and Sg then obtained by integrating the Sg(r) over space.
After DFT calculations were performed for a given structure, the
local density of states (g(E,r)) was calculated by summing the
absolute square of the wave functions under the same eigenenergy
(E), |¥(E,r)|* The resulting g(E,r) was then multiplied with the
weight function (that is, the derivative of the Fermi-Dirac function;
—f(E—Ey)), and then integrated over an energy range Ep £ E . to
produce the Sp(r). E i Was determined by —f'.(Eqyo—Er) < 0.001,
that is, the weight of any reactive eigenstate should be greater than
0.1%.

The Sg(r) was stored in a cube-format file, and can be visualized
using software such as Mayavi. To calculate the averaged Sp of
a surface, the Sg(r) was integrated over the space of the first atomic
layer of the surface. In the present work, we applied Bader’s
schemel™ to determine the volume of surface atoms and integrated
the Sp(r) within that volume to get Si

The Sg at zero electronic temperature, that is, the density of states
at Fermi level (g(Er)), was calculated for comparison. Sufficient
accuracy was ensured by minimizing Fermi smearing in the DFT
calculation (0.01 eV for example). The k-point sampling was raised to
12x12x1 for a 2x2 unit cell of the metal surface, such that the
obtained single-energy level was very close to the Fermi level with
a discrepancy less than 0.01 eV.
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