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ABSTRACT: We review the effect of van der Waals (vdW)
dispersion interactions on the determination of adsorption energy,
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1. INTRODUCTION

The nature of complex interactions between adsorbates and
substrates is an important topic in major chemistry and physics
textbooks for years. Recently, the understanding of weak van
der Waals (vdW), hydrogen and halogen bonds in molecular
systems attracts increasing attention as they play a vital role in
many fundamental research areas from biomaterials, heteroge-
neous catalysis, and electrocatalysis' " to the tribological
properties.” The continuous advances of experimental
techniques” '’ and computational modeling packages'' make
it possible to quantitatively describe the weak interactions
between atoms, molecules, and thin films on diverse substrates,
and weak bonds can be directly imaged, manipulated, and
calculated. In the experimental side, these interactions, e.g.,
between adsorbates and metal substrates, can be quantitatively
characterized with high chemical accuracy using single crystal
adsorption calorimetry (SCAC),'” single-molecule inelastic
tunneling probe (itProbe) based on scanning tunneling
microscopy (STM),” " high-spatial-resolution atomic force
microscopy (AFM),"” and normal-incidence X-ray standing
wave (NIXSW) methods."* Combining temperature-pro-
grammed desorption (TPD) and SCAC techniques, Campbell
et al. reported accurate measurements of adsorption energies
includin% the strengths of vdW interactions for a variety of
systems. *~*° The chemical reaction kinetics of molecules can
be quantitatively characterized by many other techniques such
as X-ray photoelectron spectroscopy (XPS; by following the
spectroscopic features of reactants) and time-resolved infrared
reflection absorption spectroscopy (TR-IRAS).”" Notably, the
newly developed itProbe technique based on STM with a CO-
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functionalized tip may directly map the weak vdW and halogen
bonds in many systems such as Xe/Ag(llO),9 benzene/
Ag(110),”* and fluorobenzene or bromobenzene molecules
adsorbed on Ag(llO)8 with a sub-Angstrom spatial resolution.
These developments provide comprehensive databases for
benchmarking the development of reliable and transferrable
vdW functionals that may improve the first-principles studies
of physisorption and catalytic reaction of diverse systems
toward the chemical accuracy.

Another important area of studying weak bonds is tribology.
The mechanism of energy dissipation in inert molecular or
atomic layers moving on substrates is crucial for understanding
and manipulating tribological properties of lubricated inter-
faces. Quantitative measurements of resistive barriers can be
achieved with apparatuses such as a quartz crystal micro-
balance, friction force microscope, and high-resolution helium
atom scattering (HAS) at microscopic and macroscopic length
scales.””™*° Particularly, systems with adsorption of rare-gas
(RG) atoms on solid surfaces are prototypes for exploring the
influences of vdW interactions on the tribological properties at
the atomic level*™** As an example of the puzzles in this
realm, Bruschi et al. found a drastic difference between the
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sliding friction of Ne and Kr mono- or multilayers: while Ne
layers may slide on Pb(111) with a measurable slip time (~3
ns), the slipping rate of Kr layers is essentially zero at a low
temperature (~6.5 K).***” This appeared as a surprise because
of the similarity between these RG atoms in many occasions
and could only be understood through density functional
theory (DFT) simulations with the inclusion of vdW
interactions.”* Reliable determination of energy barriers at
the millielectronvolt level for the sliding and rotating motions
between two inert substances becomes ever important
nowadays as heterostructures of different vdW two-dimen-
sional (2D) materials are probably the richest mine for the
generation of emergent quantum properties.

It is recognized that the DFT within the frameworks of local
density approximation (LDA) or generalized gradient approx-
imation (GGA) is unreliable for the description of systems
with weak interactions.'"'>** Particularly, for systems with
non-covalent bonding, the dynamical correlations between
fluctuating charge distributions, i.e., vdW dispersion inter-
actions, have important effects on adsorption energies,
reaction/diffusion barriers, and even geometric configurations.
In the past decade, many schemes were developed to improve
the description for the van der Waals dispersion interactions in
the DFT framework™ and the field has greatly advanced
toward the chemical accuracy to make realistic predictions as
required for many challenging issues in chemistry, physics,
materials science, and nanoscience.

The purpose of this review is to give an overview of using
different vdW schemes for theoretical studies of various weak
bond systems, primarily with examples of our own studies of
adsorptions, chemical reactions, and tribological properties.
Most of these studies were done through close collaborations
with experimental groups, and hence the side-by-side
comparisons to dependable experimental data allowed
stringent examinations for the performance of different vdW
functionals. We first give a summary for different vdW schemes
and discuss their performance for the determination of
adsorption energies of typical weak bond systems. More
stringent tests are given through calculations of low-energy
molecular vibrational modes and comparisons with corre-
sponding experimental results. Furthermore, we show exam-
ples of several recent studies of catalytic activity and selectivity
using different vdW functionals. Finally, we discuss applica-
tions of vdW-inclusive DFT methods for the determination of
tribological properties of several inert layers on solid surfaces.

2. VAN DER WAALS-INCLUSIVE DENSITY
FUNCTIONAL THEORY METHODS

It is recognized that the vdW interaction results from three
sources: (1) the electrostatic force between two permanent
dipoles, (2) the inductive force between a permanent dipole
and an induced dipole, and (3) the dispersion force between
two spontaneously induced dipoles. The first two dipole—
dipole interactions can be well treated by semilocal density
functionals. The last one, also called the London dispersion
force, associates with the correlated fluctuations between
electrons in two sides and cannot be described by conventional
density functionals. At the present, numerous vdW correction
schemes are available by adding, e.g., pairwise interatomic
attraction terms, the random phase expression of correlation
energy, or the non-local correlation energy in DFT
calculations. These developments have been implemented in
different DFT codes, including Q-Chem, SIESTA, VASP,

CASTEP, Quantum espresso, FHi-aims, etc.>? Systematic tests
have been performed for the performance of different vdW-
DFT methods for the determination of physical properties of
solids and molecules, such as adsorption energies, surface
energies, stacking fault energies, and reaction energy
barriers.'">*~** While significant improvements were found
over the conventional GGA functionals in almost all cases,
different vdW methods still showed noticeable discrepancies.
As the theoretical frameworks of the van der Waals-inclusive
density functional theorg have been rather extensively reviewed
in the recent literature,”>**™*> we only briefly summarize the
main features of different vdW-inclusive DFT approaches in
this section.

2.1. DFT-D,, Correction Methods. To capture the long-
range vdW dispersion interaction, the semi-empirical DFT-D,-
type (n = 1—4) approaches add pairwise correction terms to
the Kohn—Sham DFT energy (Egs.ppr) in the form™°

Eppr—gip = Exs—prr + Eaigp (1)

The original vdW correction energy is computed by
summing over all atomic pairs (denoted as A and B with a
distance of R,g) with element-dependent dispersion coef-
ficients (C,), damping functions (fyump,.), and scaling factors
(s, n=6,8, 10, ..):

1 M
EdiSP = _E Z Z S R':l fdamp,n(RAB)
A#B n=6,8,10 AB

)

Depending on the way of constructing C, and fyymy, several
DFT-D versions are commonly used, such as DFT-D1/2/
37" DFT-TS,"”® DFT-TS+SCS,” DFT-TS+IH,°”*' and
DFT+dDsC.”>*’ In the DFT-D2 approach, for example, the
dispersion coefficients are calculated from a formula that
couples ionization potentials and static polarizabilities of
isolated atoms. In the improved “DFT-D” schemes, the
environmental dependence of C, coefficients is invoked by
considering the number of neighbors. To avoid the over-
estimation of vdW interactions in small and medium ranges,
the DFT-D3 scheme introduced a damping function

46,47
f damp,n*

1
fdamp,6 (RAB) =

1+ 6(Rup/ (s, 6Rg™)) % 3)

where R§® is the cutoff radius for atomic pair AB, S, is a
functional-dependent scaling factor, and oy is a parameter that
determines the steepness of the function for a small R,p. In this
way, the dispersion coefficients are geometry-dependent (i.e.,
coordination number). In the newer DFT-D4 method, " the
pairwise dipole—dipole dispersion coefficients are charge- and
geometry-dependent. The DFT-dDsC and DFT-TS methods
were progosed by Steinmann®>*® and Tkatchenko and
Scheffler,*® with inclusion of charge-dependent dispersion
and damping. In the DFT-TS/IH method,”®*" the electron
density of a molecule is subdivided with the Hirshfeld
partitioning scheme, which may better describe properties of
ionic solids. In the DFT-dDsC method, the dispersion
coefficients are modeled by a generalized gradient-type
approximation to Becke and Johnson’s exchange hole dipole
moment (XDM) formalism.*”>*

Beyond schemes with atomic pairwise dispersion coef-
ficients, the many-body dispersion (MBD) vdW functionals
were developed recently. Based on the random phase
approximation for the correlation energy, Tkatchenko et al.
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proposed the MBD@rsSCS method,””*® which was imple-
mented in VASP by Bucko et al.”” Additionally, in the DFT-D4
method the many-body dispersion energy can be calculated by
adding higher-order dipole—dipole interactions based on the
quantum harmonic oscillator (QHO) model.**** The main
advantage of DFT-D, methods is that they do not significantly
increase the computing cost over the regular GGA level
calculations.

2.2. vdW-DF Methods. More comprehensive van der
Waals density functional (vdW-DF) approaches directly
calculate the non-local correlation (dispersion) energy, in
conjunction with an exchange part at the standard GGA level.
The corrected exchange-correlation energy is written as E,. =
ESCA + EXPA 4 EY) where ES® is the GGA exchange energy,
ELPA is the LDA correlation energy, and E" is the non-local
correlation energy. The original vdW-DF (vdW-DF1) method
was introduced by Dion et al. in 2004,°° who used the GGA-
revPBE functional for the exchange along with the LDA
correlation. Later, Lee et al. proposed the second version, vdW-
DF2, by updating both the semilocal exchange and nonlocal
correlation functionals.”’ In vdW-DF2, the revPBE exchange is
replaced by the reoptimization of PW86, i.e., rPW86.°> Since
both revPBE and rPWB86 exchange functionals are too
repulsive in a short distance range, vdW-DF and vdW-DF2
were found to lead to significant overestimations for lattice
constants of metals and ionic compounds™ as well as for
adsorption energies of many molecules on metal surfaces.”>**
Klime$ et al. optimized the exchange functionals (optPBE,
optB88, and optB86b)**** and obtained much improved
results of adsorption energies.

There are tremendous ongoing efforts to optimize the
exchange and non-local correlation functionals that may
further improve the accuracy and efficiency of vdW-DF
methods. As the traditional GGA exchange functionals are
too repulsive at short distances, the revPBE in vdW-DF is
replaced by softer exchange functionals from the Hartree—
Fock (HF) exchange to hybrid functionals. To reduce the
short-range exchange repulsion, Berland et al developed a
consistent exchange (cx) functional, which combines the
Langereth—Vosko (LV) screened exchange and the rPW86
exchange, and Cooper constructed a C09, exchange functional
by fitting the enhancement factor F,(s).°°” The vdW-DF-cx
and vdW-DF-C09 functionals have high accuracy for the
optimization of lattice constants of bulk materials and the
determination of binding energies between molecules. Further,
Berland et al. developed hybrid vdW-DF methods (e.g., hybrid-
vdW-DF-cx and hydrid-vdW-DF2) by combining the Fock
exchange with the vdW-DF-cx or vdW-DF2 correlation
functional.®**” This was implemented in Quantum espresso
and FHi-ABINIT codes and demonstrated high accuracy for
studies of small halogenated molecules. Additionally, Vydrov
and Van Voorhis derived some sim7ple nonlocal correlation
functionals, e.g, vv09,%”" vVv10,”* and rVV10,”® which
perform well through appropriate combinations of HF, GGA,
and meta-GGA (mGGA) functionals.”*™”® For instance, the
rVV10-corrected SCAN meta-GGA method (SCAN+rVV10)
can accurately predict the adsorption energies and adsorption
geometries of benzene on metal surfaces, better than the
results obtained with vdW-DF, PBE-vdW*f and DFT+D
methods.”* The applicability and reliability of the DFT-D,
corrections are limited by the accuracy of the system-
dependent dispersion coeflicients and damping functions,
whereas the accuracy of the vdW-DF methods is closely

related to the choice of exchange functionals. Recently,
Hermann and Tkatchenko unified the two methods and
developed a nonlocal many-body dispersion method (named
by MBD-NL'”) based on the VV09 nonlocal functional”® and
the Tkatchenko—Scheffler many-body dispersion model.” It is
plausible that the MBD-NL method may reliably predict
properties of many molecules, ionic and metallic compounds,
and adsorbates on surfaces.

2.3. Beyond DFT-D, and vdW-DF Methods. Apart from
the two families of popular vdW methods above, some other
methods are currently also under development for the
description of vdW dispersion interactions in solid and
molecules, e.g., the adiabatic-connection fluctuation-dissipation
theorem with the random phase approximation (ACFDF-
RPA),” wavefunction-based approximations such as coupled
cluster (CC) methods,® and quantum Monte Carlo (QMC)
method.”” CC and QMC methods are widely used for
molecular systems, but expensive computational demands
prohibit their application for large systems. In the ACFDF-
RPA method, the correlation effects are directly evaluated
within the ACFD framework. Then the total energy of the
system can be accurately calculated through combining with
the exact exchange (EXX) energy. More accurate adsorption
energies of benzene on metal surfaces were obtained,
comparin§ with results from DFT-D, and vdW-DF calcu-
lations.*** Like QMC, RPA is also too expensive for handling
large systems.

Recently, machine learning approaches were applied for the
developments of the electronic kinetic energy functionals,* ™"
exchange-correlation functionals,” > and long-range disper-
sion interactions.” ™"’ Proppe et al., proposed a DFT-D3(B])-
GP dispersion correction method employing Gaussian process
(GP) regression.% Based on the GGA or meta-GGA exchange
and vdW correlation with the Rutgers—Chalmers approxima-
tion, Wellendorff et al. developed machine-learned Bayesian
error estimation functional for the van der Waals correlation
(BEEF-vdW/mBEEF-vdW).”>~"° They showed more accurate
results of adsorption energies and structural constants than
other vdW calculations (e.g, vdW-DF, optPBE-vdW, and
vdW-DF2 and C09-vdW).”*™” The transferability of machine-
learned vdW functionals depends on the training datasets and
still has much room to improve.

3. APPLICATIONS OF VDW APPROACHES FOR
STUDIES OF ADSORPTION, CATALYSIS, AND
TRIBOLOGY

The main purpose of this review is to assess the applicability of
different vdW-DFT methods for studies of diverse physical
problems, primarily with our own results. With the develop-
ment of experimental techniques, the strength of vdW bonds
can be guantitatively characterized with the chemical
accuracy.”” Campbell et al. established a database with more
than 100 adsorption and reaction energies in refs 20, 99, which
are useful for the validation of vdW-inclusive DFT methods.
The availability of our own new experimental data such as
itProbe images of vdW bonds and high-resolution (sub-
millielectronvolts) molecular vibration spectra allowed us to
have more stringent examinations for the accuracy of different
vdW functionals.

3.1. Molecular Adsorption Energies. It is known that
the PBE functional overestimates the adsorption energies of
some simple molecules, e.g., CO and NO, but underestimates
the adsorption energies of hydrocarbon molecules, e.g,
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HCOOH and CH;0H, on metal surfaces.”®”” The long-range
vdW dispersion interactions are not explicitly included in the
PBE or RPBE functionals.'” For studies of catalysis, even a
small difference in adsorption energy may have a noticeable
impact on the determination of reaction rates at a finite
temperature; the circumstance obviously needs urgent
improvements.

Benzene molecules on metal surfaces are prototypical
physisorption systems and were used for benchmarking the
performance of different vdW methods. Adsorption energies
and geometric parameters of benzene on noble metal surfaces
were extensivel(y studied with almost all vdW function-
als,>#38¥101719¢ Eor example, Yildirim et al. found that the
adsorption energy of benzene on the Ag(111) surface may
change from 0.52 eV (rPW86-vdW) to 0.76 eV (optB86b-
vdW), and the distance between benzene and Ag(111) also
changes from 3.02 A (optB86b-vdW) to 3.51 A (revPBE-
vdW).'*® Using normal-incidence X-ray standing wave
(NIXSW) measurements, Liu et al. found that the adsorption
height is 3.04 + 0.02 A for benzene on Ag(lll).14 They also
determined the adsorption energies of benzene on Cu(111),
Ag(111), and Au(111), e.g., 0.69 + 0.04, 0.68 + 0.0S, and 0.65
+ 0.04 eV, through analysis of TPD spectra based on the
Polanyi—Wigner equation. Using these experimental data, they
tested three vdW schemes. As shown in Figure 1, only the HSE

0.3 - T T T T
:  benzene/Ag(111)

-E, . (eV)

—— PBE+MBD 4
—— HSE+MBD
—— HSE+vdW*"

40—
2.8 3.0 3.2 34 3.6 3.8 4.0

d. (&)

Ads

Figure 1. First-principles calculations for benzene on Ag(111).
Binding energy E, as a function of vertical distance dng, of the
benzene molecule center of mass from Ag(111). Calculations were
carried out using three methods: semilocal Perdew—Burke—Ernzerhof
(PBE) functional with many-body dispersion (MBD) interactions or
hybrid Heyd—Scuseria—Ernzerhof (HSE) functional with either
vdW,, ¢ or MBD methods for including vdW interactions. Reproduced
with permission from ref 14. Copyright 2015 American Physical
Society.

+MBD method can give both correct adsorption energy and
adsorption height for benzene on Ag(111). Campbell et al.
reanalyzed these TPD data using a better prefactor for
desorption and reported slightly different adsorption energies
for benzene on noble metal surfaces,® eg, 072 eV on
Au(111), 0.68 eV on Cu(111), and 0.63 eV on Ag(111).
Nonetheless, the best fit is still provided by the HSE+MBD
method.

We expanded the scope by combining vdW-inclusive DFT
calculations with milliKelvin STM measurements of single
benzene molecules on the Ag(110) substrate.”” As shown in
Table 1, all vdW functionals employed in our calculations yield
the largest adsorption energy for the short bridge geometry on
the Ag(110) surface, in agreement with the experimental
result. It is not a surprise that plain GGA-PBE calculations
produce an unreasonably low adsorption energy and large

height of benzene on the Ag surface. RevPBE-vdW and
rPW86-vdW functionals tend to underestimate the adsorption
energy, while the DFT-D2 method overestimates the
adsorption energy. The improved DFT-D, methods and
optimized vdW-DF functionals appear to give reasonable
results for this system, in comparison with the corresponding
experimental data.

In Figure 2, we show that PW91, PBE, and RPBE
calculations give large errors for adsorption energies comparing
with the SCAC data. For chemisorption systems, the BEEF-
vdW approach can indeed improve adsorption energies.
However, for adsorbates with weak interactions, the BEEF-
vdW method fails to reach the chemical accuracy as required
for catalysis studies.”® Sautet et al. tested several vdW
functionals (optPBE-vdW, optB86b-vdW, BEEF-vdW, and
PBE-dDsC) through studying adsorbates such as ethylene,
cyclohexene, benzene, naphthalene, CO, O,, H,, methane, and
ethane on Pt(111).""" Figure 3 compares 39 adsorption
energies of different common catalytic intermediates on
transition-metal surfaces; the lowest mean absolute deviations
(MADs) away for the corresponding experimental data are
obtained with the optPBE-vdW and PBE-dDsC functionals
(0.2 eV), while PBE and optB86b-vdW give two times larger
MADs (~0.4S eV). BEEF-vdW is in the middle, with a MAD
of 0.33 eV. For laterally p-bound unsaturated hydrocarbons
(cyclohexene, benzene, and naphthalene), the PBE and BEEF-
vdW functionals are severally underbound, while optPBE-vdW
and PBE-dDsC provide good matches with experiments.
Recently, Hensley et al. developed a simple method for
predicting adsorption energies using an adaptively weighted
sum of energies from RPBE and optB86b-vdW (or optB88-
vdW) functionals.'”” They calculated adsorption energies of 39
cases and found that this method gives MADs of 0.14 and 0.2
eV, smaller than 0.21 and 0.27 eV with the BEEF-vdW
functional. For systems with large vdW contributions, this
method reduces MAD:s to 0.12 and 0.18 eV, respectively.

Recently, we assessed the performance of 14 different vdW
methods on predicting the adsorption properties of formic acid
(HCOOH) and formate (HCOO) molecules on the Pt(111)
surface.”> As shown in Figure 4, the adsorption energies of
HCOOH/HCOO on Pt(111) can be determined with high
accuracy using the improved vdW correction methods (e.g.,
PBE+D3, PBE+D3-BJ, PBE+dDsC, PBE+TS, PBE+TS-SCS,
and PBE+TS/IH), many-body dispersion method (PBE
+MBD@1sSCS), and the optimized vdW functional methods
(e.g, optPBE-vdW, optB88-vdW, and optB86b-vdW). Com-
paring to the SCAC data by Campbell et al,,'” the MADs of
HCOOH’s or HCOO’s adsorption energies using these 10
vdW methods can be as small as 0.05—0.09 eV.

Converting CO, to methanol or higher alcohols through
multiple hydrogenation steps on metal catalysts is an attractive
topic for solving the energy and environmental issues.
Trapping CO, molecules is the onset of these reactions. The
adsorption energy of CO, is typically underestimated in most
DFT calculations and the inclusion of vdW correction is
essential. Muttagien and co-workers'® studied the adsorption
of CO, on Cu surfaces using the van der Waals density
functionals (vdW-DFs), i.e., the original vdW-DF (vdW-DF1),
optB86b-vdW, and rev-vdW-DF2'” as well as the PBE with
dispersion correction (PBE-D2). They found that vdW-DF1
and rev-vdW-DF2 functionals underestimate the adsorption
energy, while PBE-D2 and optB86-vdW functionals give better
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Table 1. Energies of the Six External Vibrational Modes (in meV), Adsorption Energy (E,q, in €V), and the Shortest
Perpendicular Distance Separating the Carbon and Ag Atoms (d¢_y;, in A) for Benzene Adsorbed on the Ag(110) Surface

vdW functionals FR, FR, FR,
GGA-PBE 6.4 33
revPBE-vdW 8.9 5.6 1.4
rPW86-vdW 9.8 53 2.6
optPBE-vdW 11.3 6.2 1.3
optB88-vdW 14.4 6.7 0.3
optB86b-vdW 14.5 7.2 2.3
DFT-D2 16.6 9.8 1.7
DFT-D3 12.3 7.4 1.9
DFT-D3(BJ) 15.0 83 2.0
DFT-TS 12.1 8.5 1.1
DFT-TS+SCS 13.0 8.2 2.0

FT, FT, FT, Eq de_m
14 4.2 —0.121 3.06
2.4 6.3 —0.523 3.07
14 2.8 7.1 —0.519 3.04
3.4 8.1 —0.718 2.80
4.3 9.7 —0.805 2.69
4.6 10.3 —0.851 2.61
4.6 11.6 —0.970 2.56
32 8.9 —0.781 2.77
4.0 114 —0.861 2.71
4.3 9.0 —0.840 2.71
3.5 9.4 —0.937 2.74

Reproduced with permission from ref 22. Copyright 2017 ACS Publications.
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Figure 2. Comparison of the accuracy of the different density
functionals relative to the experimental data for two different data
sets: (A) purely chemisorbed systems where van der Waals (vdW)
interactions contribute little to the adsorption energy and (B) systems
where vdW interactions are thought to contribute a large amount to
the adsorption energy. Reproduced with permission from ref 98.
Copyright 2015 Elsevier.

agreement with the experimental estimate for the adsorption
energy of CO, on Cu(111) (Figure S).

Obviously, current vdW-inclusive DFT methods are still not
satisfactory for the description of vdW interactions in
physisorption systems, even for adsorption energies and
adsorption geometries, which are 2probably the simplest
outcomes of DFT calculations.'°~""* The applicability and
accuracy of different vdW methods still need extensive tests
and analyses. One outstanding example is the incorrect
adsorption geometry of CO on Pt given by DFT optimizations,
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Figure 3. (a) Adsorption energy (eV) on Pt(111) at 1/9 ML for the
considered systems, calculated with the five considered functionals.
The experimental value (see text for the evaluation method) is
indicated in yellow when available. (b) Adsorption energy deviation
between experimental data and calculated results for the studied
systems on Pt(111) for the five considered functionals. Reproduced
with permission from ref 101. Copyright 2015 The Royal Society of
Chemistry.

which was traced to the correlation effect on the antibonding
orbitals of CO.""? Benchmark calculations and experimental
data of molecular adsorption geometries and energies are
undoubtedly needed for the further development of more
accurate and universal vdW-inclusive DFT methods.

3.2. Molecular Vibrational Energies. According to the
harmonic transition state theory (HTST), the rate constants of
many catalytic reactions are closely related to vibrational
frequencies of reactants.'*~"'° For physisorption systems with
vdW interactions, such as benzene or hydrogen molecule on
coinage metal surfaces, how to determine the vibrational
frequencies is a challenging task. Furthermore, the low energy
external vibration modes are more sensitive to a slight change
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Figure S. Interaction energy (E;,) curve of CO, on Cu(111) as a
function of molecule—surface distance. Insets show the top and side
views of CO, adsorption on the bridge site of Cu(111). The
horizontal dashed-dotted line indicates the estimated desorption
energy from TPD of CO, on Cu(111) at a low coverage Reproduced
with permission from ref 108. Copyright 2017 AIP Publishing.

of vdW bonds between adsorbates and substrates and they
hence provide a much more stringent means for benchmarking
vdW functionals than the adsorption energies.

We systematically studied the low-energy external vibration
modes of benzene on the Ag(110) surface by combining the
milliKelvin STM measurements and vdW-inclusive DFT
calculations.””  Sub-Kelvin itProbe and STM-IETS enable
accurate determination of adsorption site, structure, and
external vibration frequencies at the single-molecule level.
From STM-IETS measurements, three vibrational excitation
energies at 1.2, 6.9, and 12.7 mV were found (see Figure 6),
which were attributed to the external vibrational modes of
benzene on Ag. We used 10 different vdW-inclusive
approaches (revPBE-vdW, rPW86-vdW, optPBE-vdW,
optB88-vdW, optB86b-vdW, DFT-D2, DFT-D3, DFT-
D3(BJ), DFT-TS, and DFT-TS+SCS) so as to test their
applicability for the description of the external vibrational
modes that unveil the weak bonds between benzene and Ag.
All vdW functionals correctly produce the ground-state
adsorption geometry, with the center of the benzene ring on
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Figure 6. Analysis of a single benzene molecule on Ag(110). (a)
STM-IETS vibrational spectroscopy at 600 mK measured with a bare
metal tip: over the molecule (top curve in green), Ag surface
(background, middle curve in black), and background-subtracted
spectrum (bottom curve in red). Taking the average value of the peak
and dip energy positions as the vibrational excitation energy: 1.2, 6.9,
and 12.7 mV. (b) Comparison of calculated external vibrational
modes with STM-IETS measurement for benzene adsorbed on
Ag(110) Reproduced with permission from ref 22. Copyright 2017
ACS Publications.

top of the short bridge site of Ag(110). However, they give
rather divergent vibrational energies of external modes.
Compared with data from STM-IETS measurements (see
Figure 6), the optimized vdW functionals (optPBE, optB88,
and optB86b) and improved dispersion-corrected vdW
methods (DFT- D3) are among the best for getting good
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Figure 7. (a) Binding energy and (b) bond length versus variation of the tip—substrate distance for the H, molecule at different adsorption sites.
Vibrational energies, E,, versus tip—substrate distance for the H, molecule adsorbed in (c) tip-atop junction and (d) tip-trough junction. The inset
in (c) shows the experimental vibrational energies for the tip—substrate distance in the range from 6.5 to 7.5 A that can be directly compared to the
calculated results. Reproduced with permission from ref 117. Copyright 2015 ACS Publications.

frequencies of all three low-energy vibrational modes. We also
investigated the properties of a single H, molecule trapped in
nanocavities with controlled shape and separation between the
STM tip and the missing-row Au (110) surface."'” Again, the
optB86b-vdW functional appears to give reliable results for the
bond length and rotational and vibrational energies of H, (see
experimental and theoretical results in Figure 7 for the tip—
substrate distance in the range from 6.5—-7.5 A).

The study of intermolecular coupled vibrations has played
an important role in the understanding of catalytic reactions,'"®
particularly those in the artificial environment set by STM or
AEM tips."'”"*" We detected an intermolecular coupled
vibration mode between two CO molecules: one on the
surface and the other on the STM tip within the gap of a sub-
Kelvin STM. This new vibrational mode (about 7 meV)
emerges as the gap shrinks and two CO molecules strongly
interact in the junction. The vdW-corrected DFT method
(DFT-D3) can capture the individual and coupled vibrational
modes well (see Figure 8).

Yoon et al. studied the contribution of vibrational energies to
free energies of H, on metalloporphyrin-incorporated
graphene using LDA, GGA, and vdW functionals."”" For
weak adsorptions, the zero-point energy and vibrational free
energy significantly depend on the choice of vdW functionals
(see Figure 9). For the Zn case, the difference of vibrational
free energy of adsorbed H, is ca. 0.05 eV between vdW-DF
(revPBE-vdW)/vdW-DF2 (rPW86-vdW) and PBE+TS (see
Figure 9). Again, these results suggest that the present vdW
approaches are still not satisfactory for catalysis studies.

3.3. Catalytic Activity and Selectivity. The activity and
selectivity of heterogeneous catalysts sensitively depend on the
energy barriers along different pathways. One may note the
huge increase in DFT studies for various catalysis processes
with the availability of vdW functionals."*>3%!22712¢ Ag
discussed above, the choice of vdW-inclusive DFT methods
has an important influence in the reliable determination of
adsorption geometries, energies, and vibration frequencies and
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Figure 8. (a) Calculated energy of coupled vibrational mode
(magenta curve) and the angle (light blue curve) versus tip—sample
distance Z. The energy reaches a maximum at Z = 7.25 A. (b)
Schematic diagram of the coupled mode eigenvector at Z = 7.25 A; Z
is defined as the vertical distance from the protruding Ag atom on the
tip and the Ag surface layer before structure relaxation in the
calculation. (c) Z dependence of distances between pairs of atoms in
the two CO molecules. Reproduced with permission from ref 120.
Copyright 2017 APS Publications.

hence may affect the design strategies. Here, we select a few
examples to comment on the current status of the field.

For the dissociation of small molecules (H,, N,, and CH,),
Kroes et al. analyzed the effect of the choosing different DFT
functionals on results of their potential energy surfaces and
reaction dynamics on the Ru, Ni, Pt, and Cu surfaces.'?”'*®
These functionals include vdW-DF, vdW-DF2, and revTPSS
meta-GGA. It shows that the vdW-DF and vdW-DF2
functionals reproduce a correct reaction pathway as observed
in molecular beam experiments for H, and D,. In this aspect,
the BEEF-vdW method was found to give reasonable energy
barrier heights within an error bar of 0.14 eV compared to
experimental values for dissociation reactions of these small
molecules."*”"**

Illas et al. studied the effect of vdW interactions on the
potential maps and reaction rates of the water-gas shift reaction
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on the Cu(321) surface.” They found that the inclusion of
dispersion terms in calculations does not change the qualitative
picture of the overall reaction, maintaining the rate-
determining step and the predominant route. In contrast, in
the OH + OH — H,0 + O reaction, the dispersion effect may
alter reaction rates by up to three orders of magnitude; the
formation of carboxyl is unfavored when dispersion terms are
explicitly included. Furthermore, the reaction rate for CO,
production (at 463 K) through cis-COOH dissociation may
also alter by three orders of magnitude by including dispersion
terms in calculations for the energy barrier.

Methanol, ethanol, ethylene glycol, formic acid, propanol,
and glucose are important fuels for direct alcohol fuel cells.'*
The dispersion interaction plays a vital role to the adsorption
geometries and energies of these molecules on anodic catalysts
of fuel cells. Particularly, in the alcohol dehydrogenation
reactions, inclusion of vdW interactions is extremely important
for the determination of adsorption energies of adsorbates and
reaction intermediates, which govern the activity and
selectivity of C—H and O—H bond breaking. The decom-
position pathways of HCOOH on metal surfaces have been
extensively studied, which provide some fundamental under-
standing about the HCOOH electrooxidation in direct formic
acid fuel cells."**~"** This decomposition process follows two
reaction pathways: HCOOH — CO, + H, (CO, pathway)
and HCOOH — CO + H,0 (CO pathway). HCOO is a key
intermediate in the CO, pathway, which is formed by cleaving
the O—H bond of HCOOH. However, the C—H cleavage
results in the formation of COOH, which further leads to a
poisoning product of CO via the COOH — CO + OH
reaction. Therefore, the reliability of activation barriers for O—
H and C—H bond breaking are crucial for the theoretical
determination of catalytic selectivity of a catalyst toward
HCOOH’s decomposition, even before giving correct
predictions of reaction rates. For the latter, an error of only
0.21 eV in the adsorption energy for the adsorbed intermediate
or transition state may cause a change of the reaction rate by
over 400-fold at 400 K.'> Putra et al. studied the adsorption
and decomposition mechanisms of monomeric formic acid
(HCOOH) on a Cu(l11) surface using several DFT
functionals (PBE, PBE-D2, and vdW-DFs)."** They found
that the activation energies for the decomposition of HCOOH
from PBE-D2 and vdW-DFs calculations are lower than
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desorption energies, seemingly in contradiction with exper-
imental findings that indicate no HCOOH decomposition on
Cu(111) when the surface is exposed to the gas-phase
HCOOH at room temperature. The calculated activation
energies of HCOOH decomposition on Cu(111) with the zero
point energy (ZPE) correction are 0.37, 0.31, 0.32, and 0.30
eV with the PBE, PBE-D2, rev-vdW-DF2, and optB86b-vdW
functionals, respectively. The deviations for this case appear to
be not large (see Figure 10).

g,
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Figure 10. (a) Decomposition process of the OH-perpendicular
configuration. IS, TS, and FS represent the initial state, transition
state, and final state, respectively. (b) Energy profile for the OH-
perpendicular configuration decomposition on Cu(111). Reproduced
with permission from ref 134. Copyright 2019 AIP Publications.

Recently, we studied the adsorption and catalytic dehydro-
genation of HCOOH on the Pt(111) surface using different
vdW-inclusive DFT methods.® Our results indicate that the
PBE+dDsC method has the best overall performance on the
description of adsorption and catalytic selectivity. We found
that the improved vdW-corrected methods (PBE+D3, PBE
+TS, PBE+TSSCS, PBE+TS/IH, PBE+MBD@rsSCS, and
PBE+dDsC) and optimized vdW functionals (optPBE-vdW,
optB88-vdW, and optB86b-vdW) perform well to estimate the
adsorption energies of HCOOH and HCOO molecules on the
Pt(111) surface. The vdW-inclusive DFT approaches and the
conventional PBE functional predict a higher activation barrier
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for C—H bond breaking than O—H bond breaking in the
dehydrogenation of formic acid. However, the optimized vdW
functionals evidently overestimated the barrier difference for
C—H breaking and O—H breaking (see Figure 11) and then
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Figure 11. (a) Geometries of adsorbates in HCOOH — HCOO + H
and HCOOH — COOH + H reactions on the Pt(111) surface. (b)
Comparison of the calculated barriers (EX ~ ™ and ES ~ ) in the two
dehydrogenation pathways using the PBE functional and 10 vdW
methods. The difference of two barriers (AE, = ES =% — EQ ~H) is
given. Reproduced with permission from ref 63. Copyright 2019 The
Royal Society of Chemistry.

underestimate the rate constant of the C—H bond breaking
reaction, which fails to describe the catalytic selectivity of
HCOOH’s dehydrogenation (see Figure 12). Both PBE+dDsC
and PBE predict a similar temperature dependence of reaction
rates for O—H breaking versus C—H breaking (see Figure 12).

Direct methanol fuel cells are ideal power sources for small
devices such as cellular phones and laptops since they have low
operating temperatures, 50—120 °C, and no requirement for a
fuel reformer. The oxidation of methanol to hydrogen ions and
carbon dioxide on anodes CH;OH + H,0 — CO, + 6H" +
6e” requires highly efficient catalysts. The methanol dehydro-
genation starts from cleavage of the O—H and C—H bond as
CH,;0H — CH;0 - CH,0 - CHO — CO and CH,OH —
CH,OH — CHOH — COH — CO pathways.'*® Pham et al.
studied the effects of the dispersion interaction on the
equilibrium structure of adsorbed methanol and the energetics
of methanol decomposition via the C—H and O—H bond
scissions on Pt(111) with PBE and optB86b-vdW func-
tionals."”® The DFT results show that the dispersion
interaction significantly reduces the equilibrium distance and
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Figure 12. Temperature dependence of the ratio of (a) reaction rate
constants and (b) prefactors of Arrhenius expression for O—H
breaking versus C—H breaking in HCOOH’s dehydrogenation
process. Reproduced with permission from ref 63. Copyright 2019
The Royal Society of Chemistry.

increases the adsorption energy of methanol on the top site of
Pt(111) to 0.63 eV, thereby making it closely in accord with
the experimental result (0.58 eV).'” Comparing to the PBE
functional, the optB86b-vdW functional demonstrates that the
dispersion interaction facilitates methanol decomposition via
the C—H bond scission (see Figure 13).
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Figure 13. Potential energy surface for CH;OH decomposition via
the C—H and O—H bond scissions on Pt(111). Reproduced with
permission from ref 126. Copyright 2019 Elsevier.

Chen et al. used the PBE+TS method to investigate the
potential energy paths of methanol, ethanol, 1-propanol, and 1-
butanol dehydrogenation on Cu(110).""°"""* They found that
the DFT-TS correction improves the description of the
interaction between methanol and Cu than the vdW-DF2
correction. However, in comparison with a previous non-vdW
study of methanol decomposition, the kinetic barriers of
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methanol dehydrogenation are not significantly changed, in
part due to the fact that vdW interactions contribute to initial,
final, and transition states almost equally.

In view of the progresses made in catalysis studies using the
vdW-inclusive DFT methods, the current schemes still have
noticeable discrepancies for adsorption energies and activation
energies in most cases. The improved vdW corrected methods,
e.g., DFT+D3, DFT+TS, DFT+TS-SCS, DFT+TS/IH,
MBD@rsSCS, and DFT+dDsC) and optimized vdW func-
tionals (optPBE-vdW, optB88-vdW, and optB86b-vdW) can
already give acceptable results. A more difficult challenge is for
the calculation of vibration frequencies as the vibrational
entropy term is important for the determination of reaction
rates and even for the identification of reaction pathways.

3.4. Adsorption and Tribological Features of Rare
Gas Atoms on Solid Surfaces. Theoretical studies of
tribology, aiming at the development of clear microscopic
understandings on friction and wear, have touched on various
effects such as electron—hole pair excitations, chemical
reactions, and dynamics of defect creation and diffusion.'*”~"**
Rare gas (RG) are frequently used in modeling systems for
studies of tribological properties. Figure 14a,b displays an RG
layer in an ordered (v/3X+/3)R30° pattern on the close-
packed metal surfaces, as typically observed for these systems
by the low-energy electron diffraction measurements.”*"**
DEFT calculations may produce position-dependent adsorption
energies as the RG layer slides along different pathways on the
substrate, i.e., the potential energy surfaces (PESs), for
quantitative analysis of tribological properties. As a rule of
thumb, systems with strongly corrugated PESs have high
friction and vice versa.

It was found that LDA and GGA functionals gave
inconsistent descriptions for the adsorption structures and
the energetics of RG—metal systems,"*~'*’ and the inclusion
of nonlocal vdW correction is critical for the correct
determination of their adsorption and friction features.'**""
We calculated adsorption energies of RG/Pb(111) by using
the optB86b functional,****"3>'5* which noticeably changes
the adsorption energies and adsorption heights for Ne/
Pb(111) as shown in Figure 14d. Quantitatively, the calculated
E,q of Xe/Pb(111), 173 meV, is very close to the experimental
value, 191 + 10 meV,"° demonstrating the reliability and
limitation of the current vdW functionals for theoretical studies
in this subfield. The PES map in Figure 14c shows that both
Ne and Kr prefer the high-coordination hcp-hollow site of
Pb(111) and disfavor the low-coordination atop site. The
energy differences between the atop and hcp adsorption
geometries for Ne/Pb(111) and Kr/Pb(111) are 4.8 and 9.8
meV, respectively. As a result of a more corrugated PES, the
motion of Kr on Pb(111) is essentially blocked at 5 K while Ne
is still mobile. As corrugations of PESs are at the millielectron-
volt level, tribological properties of RG layers also provide
useful testing cases to examine the accuracy of different vdW
functionals. We also noted that a large energy cutoff for basis
expansion (e.g., 600—800 eV for plane waves) is important for
the numerical convergence.

Chen et al. compared the calculated adsorption energy,
equilibrium distance, and vibrational energy of noble gases (Kr
and Xe) on various metal surfaces at low-coordination sites
obtained by LDA, PBE, and vdW-DF2 methods (see Table 1
in ref 154. They demonstrated the importance of nonlocal
vdW for obtaining results in quantitative agreement with
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experiments. Theoretical studies of RG/Cu(111) showed that
different vdW versions'*”'*>'5® are reasonably consistent and
provide significant improvements over LDA results. Our own
calculations for Xe on Cu(111) are also consistent with
previous calculations'*>'*° and agree well with experiments."*’
The estimated sliding temperature for Xe/Cu(111) from the
corrugation of PES is at about 35 K, which is very close to the
experimental result of 50 K by Mistura et al. using the quartz
microbalance technique under a high vacuum condition."*
Silvestrelli et al. further invoked the screening effect'>*">” and
studied the adsorption of Xe and graphene on Ni(111)"%’ and
other noble metal surfaces.'®’ Ruiz et al. modeled screened
vdW interactions for atoms/molecules on surfaces (the so-
called DFT+vdW*f method)'®* and found that the calculated
adsorption energies are in the right range of experimental
results. As displayed in Figure 15a, the top and fcc adsorption
sites are virtually degenerate in the case of Xe/Cu(111), and
the PBE contribution destabilizes the fcc hollow adsorption
site upon relaxation with obvious positive values. By adding
density-gradient dependence in the expression of rVV10
nonlocal vdW correction, Terentjev et al. recently developed
a new dispersion-corrected functional of PBEsol+rVV10s using
plane waves'® or atomic orbitals.'** As shown in Figure 15b,
the PBEsol+rVV10s functional was found to be more reliable
for the determination of cohesive energies than the PBEsol or
PBEsol+rVV10 functional in the region near equilibrium, and

16936

the calculated adsorption energies are in close agreement with
experiments (cf. Table V in ref 163).

It is also interesting to analyze the change of PES as the
RG—surface distance is shortened for the understanding of
tribological properties as lubricant interfaces are typically
under a pressure.'®>~'%® Using the adsorption of Ne and Xe on
Cu(111) in Figure 16a as an example, the lowest energy on the
PES of Ne/Cu(111) is on the hollow site around the
equilibrium region in Figure 16b, while that of Xe/Cu(111)
is on the atop site. The opposite PES features of Ne and Xe on
Cu(111) disappear in the repulsive part in Figure 16¢c if we
zoom in the plots to an energy range of ~20—100 meV that are
used in typical helium atom scattering (HAS) experiments.'®®
The detailed analyses of projected density of states of both
systems illustrated that Xe-Cu(Au) p-d hybridization is the
main reason for the preference of the atop site around the
equilibrium distance,">* even though it is perceived that RG
atoms interact only via the vdW forces with substrates. Note
that the PES of Xe/Cu(111) in Figure 16a (also in Figure 17a)
undergoes a transition of favorite adsorption sites from the
atop site to the hollow site at two “critical” RG—substrate
distances, Z. = 2.9 and 3.8 A."®” Analogously, we found the
potential crossings at Z. = 3.52 A for Xe/Pd(111) and Z_ =
4.05 A for Ar/Cu(111) in the far-surface regions. At these
critical distances, the friction collapses and a superlubric state
can be realized under a low compression or stretch due to the
electrostatic repulsion-driven flattening of PESs. This should
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Figure 17. (a) Binding energy of Xe/Cu(111) using the PBE+vdW
approach as a function of the RG—substrate distance z. The Ey(z)
curves undergo crossings at a critical distance (loads) Z. = 3.77 A in
the far-surface region. (b) Sliding potential energy landscape (meV)
of a Xe monolayer over Cu(111) with an adatom-surface distance of
z. = 3.77 A. The dashed arrows present the actual path of sliding
motion, where the PES feature can be changed by pressure. (c)
Attraction-induced ultralow friction for Xe sliding over Cu(111)
surface. Reproduced with permission from ref 169. Copyright 2017
The Royal Society of Chemistry.

be of considerable significance for technological applica-
tions.'®”'”" Figure 17b shows the PES with a zero sliding
energy barrier along the top-hollow path under the critical
pressure at Z. = 3.77 A for Xe/Cu(111). Furthermore, the
attraction-induced collapse of friction (z;) for the commensu-
rate contact of Xe/Cu(111) in the low-load (oy) of the
attractive regime in Figure 17c clearly shows the non-linear
nature of the nanoscale friction at stretched separations. As the
load decreases to the critical pressure (approximately —0.75
GPa), the friction force can be modulated to a theoretical zero
value by decreasing the normal load to the critical value of Z_ =
3.77 A. Similar load-driven zero frictions were discovered for
Xe/Pd(111) (at oy = —2.2 GPa of Z. = 3.52 A) and Ar/
Cu(111) (at 6y = —0.83 GPa of Z. = 4.05 A). These
theoretical results provide useful guidelines for more studies of
load-driven superlubricity for RG layers on metallic surfaces.

The tribological feature of substrates toward the motion of
RG adsorbates can be tuned through surface modification,
such as adding a graphene (GR) layer. We performed self-
consistent vdW-DF calculations for the sliding friction of the
Xe monolayer on the Au(111), graphene, and graphene-coated
Au(111) substrates. Strikingly, the PESs of Xe/GR and Xe/
GR/Au(111) are more corrugated than that of Xe/Au(111),
indicating a low mobility of Xe on graphene. This gave insights
into the understanding of counterintuitive experimental
observations on worsened tribological properties after
graphene coating. On the other hand, graphene/graphene
sliding (cf. in Figure 18a) undergoes an abnormal transition
from corrugated to essentially flattened PESs as depicted at a
critical point of Z, = 1.825 A, as shown in Figure 18b. Thus,
the sliding friction decreases with increasing normal load and
collapses to nearly zero under a critical pressure (see Figure
18c)."”% The lateral friction, 7, increases with normal pressure
for oy < 160 GPa, showing the Amonton-like feature, as shown
in Figure 18d. It then drops quickly and passes through a
nearly zero value (red arrow) for 6y = 200—280 GPa before it
increases again (red lines). This behavior was also found in
other sliding systems, such as Xe/Cu, Pd/graphite, and MoS,/
MoS,.

4. CONCLUSIONS

We reviewed the main features of different vdW approaches
that are implemented in various DFT packages. Obviously,
many theoretical studies of weak bonds are not included here.
From examples discussed above, one may see that the
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Figure 18. (a) High-symmetry top (T), bridge (B), hollow (H), and
saddle (S) sites of the bilayer in a graphene/graphene sliding system.
(b) Calculated binding energy E,(z) as a function of interplanar
spacing (z) for graphene/graphene in the region of compression. The
energy crossing occurring at critical distance z.. (c) Pressure-driven
flat PES corrugation for graphene/graphene at z = 1.825 A. (d)
Frictional shear strength 7; versus normal pressure oy. The black line
refers to 7; of corrugated PESs, while the red line refers to 7; of
countercorrugated PESs in the repulsive region. The red arrow is
critical frictionless sliding in the high loading regime. Reproduced
with permission from ref 170. Copyright 2018 ACS Publications.

development of numerous vdW functionals in the past decade
has already made a significant impact on theoretical studies of
physisorption systems toward the chemical accuracy that is
required for making reliable theoretical predictions of diverse
properties from catalysis and tribology to new areas such as
functional 2D materials. Nevertheless, the consistency among
vdW approaches is still a serious issue in this realm.

It is plausible that the simple DFT-D, correction methods
can efficiently provide reasonably good vdW forces in various
adsorption and catalytic processes on metal surfaces, and the
transferability of the C4 coeflicients is also continuously
improved. In vdW-DF methods, the choice of different
exchange functionals and the nonlocal correlation forms still
causes noticeable discrepancies. Both revPBE (in vdW-DF1)
and rPW86 (in vdW-DF2) exchanges underestimate dispersion
forces between molecules and substrates. While the dispersion
correction (DFT-D3, DFT-TS, etc.) and optimized non-local
correlation methods (optPBE-vdW, optB88-vdW, and
optB86b-vdW) can improve the adsorption energies of
molecules, their accuracy for the determination of reaction
barriers is yet to be examined. Additionally, the many-body
effects may result in very long-range quantum fluctuation on
the metal surface, labeled as the type-C dispersion interaction
by Dobson,'”" which has not been treated in the current vdW
functionals. More efforts are required to overcome these
problems and to establish more universal and efficient vdW-
inclusive DFT methods for massive studies of physical or
chemical processes in which the dispersion forces are curial.

While the London dispersion was discussed in textbooks as
the origin of vdW forces, most DFT calculations indicated that
the inclusion of vdW functional leads to noticeable charge
redistribution and hence the contributions from permanent
dipoles or additional charge rearrangements are also important,
as mentioned by Feynman decades ago.'”” It is conceivable
that the dispersion forces are also involved in most chemical
bonds (ionic or covalent), but their effect on the charge
distribution becomes noticeable only when strong forces
disappear or are sufficiently reduced. We perceive that the vdW
bonds appear more like “weak-covalent” bonds and can be
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traced by charge accumulation, as evidenced in our recent
work on several systems.”” This provides a bridge to connect
DFT charge maps and PESs to itProbe images for studies of
weak bonds in molecular systems, which may open new
research areas in the future. For example, quantitative
experimental and theoretical studies of hydrogen bonding in
biomolecules with real space images may solve challenging
issues in life science. It is foreseeable that DFT studies with a
more accurate and universal version of the vdW functional will
become exceedingly powerful in many research areas.
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