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Abstract

Ab initio molecular dynamics (AIMD) is an indispensable tool for understanding the mechanistic
details  of  externally-energy  mediated  chemical  reactions.  In  this  work,  we  show  that  the
predicted thermodynamic and catalytic properties of certain reactions using AIMD simulations
critically depend on the quality of the employed basis set. To this end, we have examined the
reactants and products of the water-gas shift reaction (viz., CO, CO2, H2, and H2O) and studied
their  interaction with the ZnO(10 0) surface using density functional theory (DFT) and Born11
Oppenheimer Molecular Dynamics (BOMD) simulations. By merely increasing the quality of the
basis, from double zeta (commonly used in most calculations of these systems) to triple zeta,
we surprisingly find that the reaction outcome of an H2O molecule colliding with a ZnO surface
pre-covered with carbon monoxide gives qualitatively different results. These surprising results
are shown to be robust with similar trends that are also obtained with other software packages.
Furthermore, we show that the calculated adsorption energies can vary by as much as 380 meV
(which is an order of magnitude larger than room temperature) by simply changing the basis set.
Using electron density difference maps, we present mechanistic insight into the origin of these
changes. Finally, we propose a simple diagnostic test that uses a single-point binding energy
calculation to estimate the impact of basis-set quality, which can be used before carrying out a
computationally-expensive BOMD simulation.

Introduction

The channeling  of  energy via  “hot”  electrons  and thermally-excited  atoms/molecules
towards  a  specific  reaction  channel  has  recently  emerged  as  a  new area  in  the  catalysis
community  for  controlling  and  understanding  the  mechanism  and  dynamics  of  catalytic
reactions.1–11 Predicting the reaction mechanisms of these externally-energy mediated reactions
using traditional quantum chemical approaches, where the energies of the reactants, products,
and  transition  states  are  used  to  predict  the  reaction  mechanisms,  is  nontrivial.12–15 This
complexity arises due to various reasons, such as difficulties pertaining to the determination of
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transition states, requirements in considering numerous configurations for the adsorbate, the
formation of complex transition states involving more than two molecules, etc.12,13 Apart from this
complexity, typical computational results are obtained only at zero Kelvin, and extrapolations of
these results to realistic reaction temperatures are questionable. An alternative, automatic, and
unbiased  approach  to  predict  the  mechanism  of  a  reaction  is  to  use  ab  initio  molecular
dynamics (AIMD). By its nature, an AIMD simulation automatically includes the dynamic and
steric effects of a reaction with a simultaneous prediction of possible reaction mechanisms.12,13

Among the various AIMD methods,  Born Oppenheimer Molecular  Dynamics (BOMD)
has been quite successful in predicting the mechanisms and possible outcomes of reactions
involving atomic or molecular collisions.12,13,16–25 For example, recently Schatz and co-workers
have used BOMD simulations to understand the detailed mechanisms of industrially relevant
reactions such as the reverse water-gas shift reaction and Fischer-Tropsch synthesis on nickel
surfaces,18,20 where the pre-coated Ni surface was bombarded with energetic hydrogen atoms
and methylene, respectively. Wang et. al.,17 have used BOMD to probe the water dissociation
equilibrium on TiO2 by colliding energetic water molecules towards the TiO2 surface. BOMD has
also been employed in predicting the reaction outcomes of atmospherically relevant molecular
collisions  such as  the formation  of  carbonic  acid  obtained by  the  collision  between  a  CO2

molecule and H2O clusters,25  and the formation of sulphuric acid12,13 via the oxidation of SO2 to
SO3, resulting from a collision between SO2 and O3

−(H2O)n clusters.

Considering the previously mentioned successes of  the BOMD method with collision
reactions, it is both important and necessary to study the specific computational parameters that
can alter the mechanism and dynamics predicted by this method. Both the mechanism and
dynamics of a chemical reaction are dictated by the forces acting on the nuclei. In BOMD, these
forces are obtained in an ab initio manner from the ground state potential,  which in turn is
obtained with electronic structure methods such as Hartree-Fock, DFT, DFTB, etc. Furthermore,
as  density  functional  theory  (DFT)  is  the  most  widely-used  approach  for  calculating  the
electronic  structure  during  a  BOMD simulation,26–28 and  since  DFT results  are  sensitive  to
various  parameters  such  as  basis-sets  and  exchange-correlation  functionals,  the  resulting
BOMD dynamics is also expected to be affected by these factors. However, the effect of these
parameters on the predicted results of a BOMD simulation has not been well studied, and in the
present work we focus our attention on one of these parameters, namely, the importance of the
basis set.

It is worth noting that while there are numerous studies on the effect of basis sets on
ground state (i.e.  stationary) structures,29–32 there are only a handful of  studies on basis set
effects  in  BOMD  simulations.33–39 Furthermore,  most  of  these  studies  were  devoted  to
understanding basis set effects in clusters. Thus, to the best of our knowledge, an in-depth
study  of  basis  set  effects  in  large-scale  Born-Oppenheimer  molecular  dynamics  (BOMD)
calculations (with periodic boundary conditions) is less common. Such investigations have not
been widely carried out since the conventional assumption in these studies is that double-zeta
(DZ) quality basis sets are assumed to work well,12,17,23–25 and comparing the BOMD calculations
with larger basis-sets is quite computationally demanding. Although the above assumption may
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seem reasonable, we demonstrate in this work that calculations using the widely-used double
zeta basis can yield completely different results than those obtained with a larger basis (for
example,  a  triple-zeta  (TZ)  quality  basis).  As  shown  in  our  calculations,  the  reaction
mechanisms  obtained  from  BOMD  simulations  using  DZ  basis  sets  may  need  to  be  re-
evaluated.  For  example,  the  dissociation  equilibrium  of  water  predicted  by  Wang  et.  al.,17

depends on whether the water molecule colliding with the TiO2 dissociates on the surface or
whether it  scatters from the surface. However, as shown in this work, the fate of a colliding
molecule highly depends on the employed basis set, which can qualitatively change the entire
prediction.

In  the present  work,  we  have studied the collision  of  an H2O molecule  with  a  ZnO
surface pre-covered with carbon monoxide with both double- and triple-zeta quality basis sets
using BOMD simulations. To gain further insight, we have also studied the interaction of CO,
CO2, H2, and H2O with the ZnO surface with both of these basis sets. Based on the results from
both BOMD and DFT, we propose that single-point binding energy calculations can be used as
a  simple  diagnostic  tool  to  estimate  the  impact  of  basis-set  quality  before  carrying  out  a
computationally-expensive BOMD simulation. Finally, we note that our simulations are relevant
to the industrially-relevant water-gas shift reaction, where ZnO is one of the co-catalysts, and all
of the above-mentioned molecules are either products or reactants of this reaction.40–44 

Computational Details

All  calculations  were  performed with  Kohn-Sham density  functional  theory using  the
PBE45 exchange-correlation functional as implemented in the CP2K,26 FHI-aims,27 and VASP28

software packages. In CP2K, we have used both the molecularly optimized double-zeta quality
(DZVP) and triple-zeta quality (TZV2P) basis-sets,46 which are compatible with the employed
Goedecker-Teter-Hutter (GTH) pseudopotentials.47,48 For the auxiliary plane-wave (PW) basis,
used in the Gaussian-and-Plane-Waves (GPW) method of CP2K, we have used 1000 Ry for the
PW energy cutoff and 60 Ry for the reference grid cutoff.  In FHI-aims, we have used both the
Tier-1 and Tier-2 numerical orbital basis-sets. In VASP, we have used the default plane-wave
basis with a 500 eV energy cutoff. We would like to point out that the aim of this study is not to
judge the accuracy of the exchange-correlation functional; rather, we highlight the role of the
basis set in predicting the catalytic dynamics (mechanistic outcomes) of a reaction. As such, we
have only considered one of the most widely used exchange-correlation functionals, namely,
PBE (although we anticipate that the dramatic basis set effects shown in this work will  also
apply to other functionals).

For all of the electronic structure calculations, a 4×4-slab with a thickness of 4 layers
was used. A vacuum of at least 15 Å was used to avoid any spurious interactions between the
periodic  images.  Since  the choice  of  a  k-mesh did  not  affect  our  findings  (see Supporting
Information),  we  only  present  calculations  performed  at  the  Γ-point  of  the  Brillouin  zone.
Furthermore, since recent experiments have shown that CO molecules can easily hop along the
a-direction of the ZnO slab (due to the relatively smaller lattice spacing along that direction),49 in
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all of our BOMD simulations, we have expanded our slab along the a-direction, to capture this
hopping mechanism. Thus, in all of our NVE and NVT calculations performed with CP2K, we
have used a 6×3 slab with a 4-layer thickness (instead of a 4×4-slab). We have integrated the
equations of motion with a 0.5 fs time-step. The initial velocities and coordinates for the NVE
runs were obtained by running an NVT simulation at 300 K. For the NVT simulations, we have
used the Nosé–Hoover thermostat of chain length three. In all the NVT and NVE runs, Grimme’s
D3-dispersion correction was employed.50 Various other computational details are given in the
Supporting Information.

Results and Discussion

Figure 1a shows the initial configuration used to study the interaction of an H2O molecule
colliding with a ZnO slab pre-adsorbed with CO molecules at 0.22 ML coverage. For simplicity,
we have only considered the normal incidence of H2O (90° to the slab). We have studied the
impact of H2O with two incident energies, namely 0.6 eV and 6 eV. Here, the lower incident
energy of 0.6 eV was chosen since it is slightly above the binding energy of the CO molecule on
a ZnO surface (0.26-0.53 eV), obtained at the PBE level of theory.49,51 In other words, it is the
minimum amount of energy required for the CO molecule to hop or diffuse on the ZnO surface.
To  represent  the  high-energy  collision,  we  used  a  6  eV  incidence,  which  is  an  order  of
magnitude larger than the binding energy of the adsorbate.

4

https://paperpile.com/c/2E63oD/5tNPG+C1HpG
https://paperpile.com/c/2E63oD/NMqdN


Figure 1: (a) Initial configuration used to study the interaction of an H2O molecule colliding with a ZnO slab pre-
adsorbed with  four  CO molecules.  The four  CO molecules are  numbered to  distinguish  the 4 th CO molecule
(closest one to the impact region) from the others. The blue, red, grey, and white colors are used to represent the
Zn, O, C, and H atoms, respectively. Oxygen atoms of the CO and H2O are colored in orange to distinguish them
from the oxygen atoms of the ZnO lattice. Panels (b) and (c) show the side and top views of how the CO molecules
in configuration (a) have changed during a 4.4 ps NVT run performed with the TZV2P basis sets at 300 K. In both
(b) and (c), the cyan, lime, and blue trajectories show the change in the positions of 1st, 2nd, and 3rd CO molecules,
respectively, for the entire trajectory.

Before proceeding to the collision reaction results, we would first like to show how the
adsorbed CO molecules evolve during an NVT simulation (performed at 300 K and with the
TZV2P basis) in the absence of any collision. In figure 1b, we have shown the positions of each
of the CO molecules for every 10 fs during the entire trajectory. Clearly, throughout the 4.4 ps
simulation time, all of the CO molecules remained in their binding sites and fluctuated around
their  mean positions.  Apart  from these fluctuations,  we did not  find any significant  changes
(such as a hop, diffusion, or desorption of any CO) during the simulation. Similar results were
also obtained with the DZVP basis (see figure S11).  Next, we present the effect of basis set
quality on the collision reactions.

Low-energy (0.6 eV) collision

We now present our NVE simulation results of a water molecule colliding with the ZnO
surface with a 0.6 eV translational energy. In figure 2a and 2b, we show the final configuration
obtained after a 3 ps simulation performed with the double zeta (DZVP) and triple zeta (TZV2P)
basis, respectively. The relative change in the positions of the 4th CO and H2O, along the  a-
direction of the lattice, for the entire trajectory is shown in figure 2c. The changes depicted here
are relative to the initial frame (shown in figure 1a). Here, we would like to note that there is no
head-on collision of the H2O with the 4th CO. However, as it is the closest one to the impact
area, it has the maximum effect. Also, hereafter, we denote the TZV2P basis as TZ, and the
DZVP basis is denoted as DZ. 
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Figure 2: Panels (a) and (b) show how the configuration in figure 1a has changed for a 0.6 eV incident energy for
a H2O molecule after a 3 ps NVE simulation performed with the DZVP and TZV2P basis sets, respectively. (c)
Relative change in the positions of the 4th CO and H2O molecules along the a-direction of the lattice.

As shown in  figure 2a and figure S12a, with the DZ basis, none of the CO molecules
have left their binding sites even after 3 ps of simulation time. Furthermore, during the entire
simulation time, their relative positions (only shown here for the 4th CO) were merely oscillating
around zero (figure 2c, blue curve). This oscillatory behavior around zero corresponds to the
thermal fluctuations around their initial positions. Thus, the low-energy collision did not result in
any significant changes in the behavior of the CO molecules on the ZnO surface. On the other
hand, with the TZ basis, we observed a hop of the 4th CO from one Zn site to the other one (see
figure 2b and figure S12b as compared with figure 1a). As shown in figure 2c, this hop actually
occurred within the first picosecond of the simulation time and is manifested by a decrement in
the relative position of the 4th CO by ~3 units in the negative direction. Here, ~3 Å is the distance
between two Zn sites along the  a-direction (3.28 Å, for the ground state structure), and the
negative change corresponds to the hop along the negative a-direction of the lattice. After this
hop, the 4th CO continued to remain at the new Zn site while exhibiting thermal fluctuations
(figure 2c and figure S12b). Finally, the positive change in the position of the H2O with both
basis sets corresponds to its hop along the positive a-direction of the lattice. This change in the
position of the H2O and its adsorption onto the ZnO surface (after the collision) can be seen in
both figure 2a and 2b. 
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Figure 3: Panel (a) shows the changes in total (E), kinetic (T), and potential (V) energies of the entire system for
the 0.6 eV collision simulated with the TZ basis. Panel (b) shows the changes in the kinetic energy of each of the
fragments during the same NVE run. The inset in (b) shows the changes in kinetic energies of the fragments during
the first 100 fs of the simulation.

Next, we discuss the changes in the energetics of this 0.6 eV collision reaction. In figure
3a, we have given the total (E), kinetic (T or KE), and potential (V or PE) energies of the entire
system during the NVE run with the TZ basis. Clearly, the total energy of the entire system is
conserved, demonstrating the NVE nature of this simulation. Also, due to the low-impact energy,
there are only minor changes to the total KE or PE of the system. As shown in figure 3b, the
incident H2O molecule transferred some (~0.3 eV) of its KE towards the 4 th CO molecule during
the initial stages of the run (< 1 ps), resulting in the hopping of the 4th CO from one Zn site to the
other (as discussed earlier). At a later time, the KE of both the H2O and the 4th CO has been
completely transferred to the ZnO slab. This energy transfer between fragments can be clearly
noticed in  figure 3b as the rise in the KE of the ZnO and the decay of the H2O and 4th CO
molecule’s KE after ~2 ps simulation time.  During the rest  of the simulation time,  all  of  the
molecules (four COs and one H2O) remained vibrating around their mean positions. Thus, for
0.6 eV of collision energy, during the entire run, we only observed hopping of the 4 th CO and the
adsorption of H2O to the ZnO surface. The energetics of the simulation with the DZ basis are
given in figure S13.

High-energy (6 eV) collision

Next, we present the results of the high-energy collision (6 eV). In figure 4a and 4b, we show
the final configuration obtained after a 5 ps NVE simulation performed with the DZ and TZ basis,
respectively. First, unlike the low-energy collision, we observed the dissociation of the colliding
H2O molecule into OH and H species, with both basis sets. Also, we find that the dissociated OH
and  H  species  were  within  the  bonding  region  of  the  Zn  and  O  sites  of  the  ZnO  lattice,
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respectively. Unlike the case of H2O, we obtained significantly different results for the 4th CO
with the DZ and TZ basis.  After  a 5 ps simulation with the TZ basis,  we find the complete
desorption of the 4th CO (figure 4b); however, with the DZ basis, we only find the diffusion of the
4th CO (figure 4a).

Figure 4: Panels (a) and (b) show how the configuration in  figure 1a has changed for the 6 eV H2O incident
energy, after a 5 ps NVE simulation performed with the DZVP and TZV2P basis sets, respectively. (c) Relative
change in the positions of the 4th CO and H2O molecules along the c-direction of the lattice.

In figure 4c, we present the relative change in the positions of the 4 th CO and H2O, along
the c-direction of the lattice,  for the entire trajectory. Once again, the depicted changes are
relative to the initial frame (shown in  figure 1a). Here, for the H2O, a relative position of zero
Angstroms corresponds to its initial state of ~6.5 Å above the surface and a relative position of
-5 Å corresponds to its contact with the ZnO surface. Thus, as shown in  figure 4c, the H2O
molecule made contact with the ZnO surface within ~80 fs, for both basis sets and remained on
the surface until the end of the simulation. On the other hand, the 4 th CO showed qualitatively
different results with both basis sets. In this figure, for the 4th CO, a relative position of zero
Angstroms corresponds to its initial adsorption configuration on the ZnO surface, and a relative
position of greater than 6 Å corresponds to its complete desorption from the ZnO surface. As
such, with the TZ basis, we observed an initial dissociation (> 1 Å) of the 4 th CO from its Zn
binding site in less than a picosecond (figure 4c) followed by its diffusion on the ZnO surface
(~2-3 Å) until ~3 ps, and finally a complete desorption from the ZnO surface at ~4 ps of the run.
On the other hand, with the DZ basis, the CO always remained below 2 Å from the ZnO surface,
suggesting  a  diffusion-like  behavior.  As  noted  earlier,  for  the  TZ  basis  calculation,  the  CO
molecule was also diffusing during the first 3 ps simulation time, albeit at a larger distance (> 2
Å)  from  the  ZnO  surface  compared  to  the  CO  when  the  DZ  basis  was  used.  A  visual
representation of these changes for the entire trajectory is given in figure S14. 
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Figure 5: Panel (a) shows the changes in total (E), kinetic (T), and potential (V) energies of the entire system for
the 6 eV collision simulated with the TZ basis. Panel (b) shows the changes in the kinetic energy of each of the
fragments during the same NVE run. The inset in (b) shows the changes in kinetic energies of the fragments during
the first 100 fs of the simulation.

Next, in figures 5a and 5b, we present the energy profiles of the 6 eV collision, with the
TZ basis. Once again, the total energy of the entire system is conserved. However, unlike the
low-energy collision, the changes in the KE or PE of the system are quite apparent for the 6 eV
collision. Here, we find an ultrafast (< 200 fs) decay (rise) in the total kinetic energy (potential
energy) of the system, as shown in figure 5a. To understand this ultrafast decay in the total KE,
we have plotted the changes in the KE of the individual fragments in  figure 5b. Clearly,  the
ultrafast decay of the total KE can be directly correlated with the ultrafast decay in the H2O
molecule’s KE (inset of figure 5b). However, although the H2O molecule has lost most of its KE
(~5 eV) in less than 100 fs, only a part of it (~3 eV) has been transferred to the other fragments
(~1 eV to the 4th CO and ~2 eV to the ZnO lattice) in the form of KE (see figure 5b). The rest is
transformed into the PE of the system leading to its increase. The reason for such a rise in the
PE of the system is due to the formation and dissociation of various bonds during the first 200 fs
of the run. At ~80 fs, the H2O molecule made contact with the ZnO surface (see figure 4c and
figure S15), and subsequently the dissociation process of water was initiated. Following the
water dissociation (into OH and H) we observed the formation of Zn-OH and O-H bonds with the
Zn and O atoms of the slab, respectively (see figure S15). Also, during this time, due to the
increased KE of the 4th CO, the Zn-CO bond subsequently dissociated (see figure 4c and figure
S15). Thus, the ultrafast decay in the KE profile is due to a combination of many factors as
explained above. We have given the energetics of the same 6 eV collision with the DZ basis in
figure S16.
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Figure 6: Similar results in the rise of the KE of the 4th CO using both the DZ and TZ basis during the first 100 fs
of the simulation.

We would like to emphasize here that the simulations with both the TZ and DZ basis
behaved almost similarly during the 0-200 fs simulation time. This similarity is apparent both in
their energetics and dynamics (compare  figure 5 and figure S16; also see figure S15). The
differences  between  the  TZ  and  DZ  basis  start  after  ~200  fs,  and  as  noted  earlier,  the
differences are quite apparent in the dynamics of the 4th CO. However, even for the 4th CO, the
energetics and dynamics are quite similar with the DZ and TZ basis during the first few hundred
femtoseconds as shown in figure 6 and figure 4c. Clearly, both the KE gain by the 4th CO (figure
6) and its relative position (figure 4c) are almost the same,  until ~200 fs for both the DZ and TZ
runs (also see figure S15). Thus the differences observed in the dynamics of the 4th CO are not
due to any changes in its KE gain (from H2O), but only due to the difference in the interactions
among various fragments of  the system introduced by the employed basis  set.  In the next
section, we study how the interaction between the adsorbate molecule and the ZnO surface
vary with a change in the basis set.

Until now, we have found that irrespective of the H2O’s incident energy, we have always
obtained different results using the DZ and TZ basis-sets for the same initial configuration and
for the same initial rise (loss) in the KE energy by the 4 th CO (H2O). While the differences are
just noticeable in the case of the 0.6 eV collision, they are drastically different for the case of the
high-energy collision.  For the 6 eV collision, with the DZ basis,  we have only observed the
diffusion  of  the  4th CO on  the  ZnO surface,  whereas  we  observed  a  qualitatively  different
mechanism  for  the  TZ  basis  –  a  complete  desorption  (apart  from  the  initial  diffusion).
Furthermore, for the 6 eV collision, the differences in the reaction outcomes between the DZ
and TZ basis were found to be persistent  with a change in the impact position (verified by
impacting  the  H2O  molecule  in  the  vicinity  of  the  2nd CO  molecule  instead  of  the  4th CO
molecule) and with the inclusion/neglect of dispersion corrections. These additional results are
presented  in  the  Supporting  Information.  This  significant  difference  in  the  collision-reaction
outcomes obtained by merely changing the basis is one of the central findings of our work. 
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Effect of basis set on the adsorption energies

To further understand the reason for this difference, we have performed a few adsorption
energy calculations with different adsorbates on the ZnO surface. In all of these calculations, we
have calculated the adsorption energy (Eads) of a molecule on a ZnO slab as

Eads = E(slab+mol) - Eslab - Emol

where,  E(slab+mol) is  the energy of  the entire system (slab +  adsorbate molecule),  Eslab is  the
energy of the ZnO slab, and Emol is the energy of the adsorbate molecule. 

Table 1: Adsorption energies of the molecules calculated using CP2K with different basis sets and differences in the
adsorption energies between basis sets.

System

Adsorption
energy with the

DZVP basis,
EDZVP (eV)

Adsorption
energy with the
TZV2P basis,

ETZV2P (eV)

Difference in adsorption
energy,

ETZV2P - EDZVP (eV)

ZnO Slab + CO -0.884 -0.504 0.380

ZnO Slab + CO2 -0.177 -0.175 0.002

ZnO Slab + H2 -0.088 -0.083 0.005

ZnO Slab + H2O -0.990 -0.961 0.029

In table 1, we have given the adsorption energies of all four molecules calculated using
CP2K with both the DZ and TZ basis.  We have also given the difference in the adsorption
energy (Ediff

TD) between the TZ and DZ basis. Except for CO, the adsorption energy of all other
molecules  is  not  sensitive  to  basis  set  effects  (differences  are  on  the  order  of  room
temperature). However, surprisingly, for CO the change in the adsorption energy with a change
in the basis is more than an order of magnitude (~0.4 eV) larger than room-temperature (~0.026
eV).  This  huge difference in  the CO adsorption energies with a change in the basis  is  the
primary reason for  the completely different  results observed in  the collision calculations (as
shown in the earlier sections) despite their similarities during the initial stages of the run. From
the adsorption energies, it is clear that CO is weakly bound to the ZnO substrate (by ~0.4 eV)
when using the TZ basis. We note that this weakness in the interaction between ZnO and CO
with the TZ basis manifests itself in both the easy dissociation and hopping of the 4th CO for the
0.6 eV collision and the complete desorption of the 4th CO for the 6 eV collision. Neither the hop
nor the desorption of the CO was observed while using the DZ basis because of the stronger
interaction between CO and ZnO with this basis set. This difference in the interaction between
CO and ZnO with a change in the basis can also be noticed in the shorter (longer) distance
between CO and ZnO during the diffusion of CO on the surface with the DZ (TZ) basis.
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Electron density difference maps

To gain further insight into the influence of the basis set on the interaction between the
slab and the adsorbate molecule, we have plotted the electron density differences as shown in
figure 7. First, for each basis set, we have computed the electron density difference (ρ[diff]) as 

ρ[diff] = ρ[ZnO+mol] - ρ[ZnO] - ρ[mol]

where, ρ[ZnO+mol], ρ[ZnO], and ρ[mol] are the electron densities of the entire system (slab +
adsorbate molecule), ZnO slab, and adsorbate molecule, respectively. Here, all the ρ[diff] plots
are generated by fixing the fragment geometries to the optimized geometry of the entire system
(optimized at the TZV2P/PBE level of theory). These electron density differences (ρ[diff]) using
both the DZ and TZ basis are shown in the first two columns of  figure 7. Here, the regions
colored  in  purple  (green)  correspond  to  regions  that  gained  (lost)  electron  density  in  the
composite system. Clearly, with both basis sets, the major changes in the electron density are
near the adsorption site, with a clear gain in the electron density between the carbon atom of
the CO and the Zn atom proximal to the CO. This gain in the electron density suggests the
formation of Zn-C bond in the combined system.

In the last column of figure 7, we have shown the difference in the interaction between
the adsorbate and the slab with a change in the basis by subtracting the ρ[diff] values calculated
at each basis set (i.e. ρbasis[diff] = ρTZ[diff] - ρDZ[diff]). Here, the regions colored in purple (green)
correspond to regions that have larger electron density with the TZ basis (DZ basis). Clearly, for
the DZ basis (colored in green), there is a larger delocalization of the electron density between
Zn and C and can be related to the higher adsorption energy of CO in the DZ basis. On the
other hand, for the TZ basis (colored in purple), there is a larger electron density localized at the
C and O atoms (of CO) suggesting a relatively weaker Zn-C bond. Thus, the differences in the
collision results  with a change in the basis  can be closely related to the differences in  the
interaction between an adsorbate molecule and the slab with a change in basis. We have also
generated similar plots for the CO2 molecule that are given in the figure S17. For the case of
CO2, ρbasis[diff] is negligible, suggesting that its interaction with the ZnO slab is less sensitive to
changes in the basis set. This similarity in the interaction between CO2 and ZnO, irrespective of
the employed basis sets, can also be seen in the adsorption energies (table 1). 
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Figure 7: The first two columns shows electron density differences obtained for a single CO molecule adsorbed on
a ZnO slab with the DZVP (DZ) and TZV2P (TZ) basis-sets, respectively. Here, each of these columns is obtained
by  subtracting  the  total  electron  density  of  the  entire  system  from  its  individual  components  (i.e.  ρ[diff]  =
ρ[ZnO+mol] - ρ[ZnO] - ρ[mol]). The last column shows the difference in the densities between the first two columns
(i.e. ρbasis[diff] = ρTZ[diff] - ρDZ[diff]). We have used an iso-value of 0.001 eÅ-3 for the first two columns and 0.0003 eÅ-

3 for the last column.

Results with other software packages

To verify the above findings, we have repeated the adsorption energy calculations with
the FHI-aims software package with two different basis-sets (tier-1 and tier-2, with tier-2 being
the higher quality basis-set) and the results are reported in table 2. Once again, among all the
adsorbate molecules, CO is the outlier with a difference of ~0.1 eV in the adsorption energy with
a change in the basis, proving the robustness of our findings. We have also plotted (not shown
here) ρbasis[diff] for CO and CO2 using the FHI-aims package and found them to be similar to the
ones in figure 7. Thus, we confirmed that the basis set does have an impact on the interaction
between the adsorbate and surface, and this impact is immense for the case of CO with ZnO.
We have also verified these adsorption energy results with VASP (see Table S12). Finally, we
have also demonstrated that the above findings are robust against the employed exchange-
correlation  functional  as  well  as  the  inclusion/omission  of  dispersion  interactions  (see
Supporting Information).

Table  2:  Adsorption  energies  of  the  molecules  calculated  using  FHI-aims  with  two  different  basis  sets  and
differences in the adsorption energies between basis sets.

System

Adsorption
energy

with the Tier-1
basis,

ETier1 (eV)

Adsorption
energy

with the Tier-2
basis,

ETier2 (eV)

Difference in
Adsorption energy,
(ETier2 - ETier1), (eV)

ZnO Slab + CO -0.489 -0.398 0.091

ZnO Slab + CO2 -0.196 -0.172 0.023

ZnO Slab + H2 -0.095 -0.096 -0.001

ZnO Slab + H2O -1.055 -0.999 0.056

Conclusions and outlook

Using ab initio molecular dynamics, we have examined a collision between the reactants
of a water-gas shift reaction (i.e., CO and H2O) with a ZnO surface and have shown how the
resulting mechanism and dynamics are affected by the quality of the employed basis set. For
both the low- and high-energy collisions, we have shown significant differences in the outcomes
of  a  BOMD simulation  by merely  changing the basis  set  quality.  While  the differences are
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noticeable with the low-energy collision, they are quite substantial in the case of the high-energy
collision. By analyzing the energetics of these collision reactions, we have shown that the KE
gain by the adsorbate molecule from the colliding molecule is  the same irrespective of  the
employed basis set. Using this result, we have determined the source of these differences to
arise from the interaction between the surface and the adsorbate. Furthermore, through our
binding energy calculations and electron density difference maps we have clearly shown that
the  interaction  between  the  adsorbate  and  the  substrate  relies  heavily  on  quality  of  the
employed basis  set.  These results  have  significant  ramifications  for  understanding catalytic
dynamics since merely changing the quality of the basis for CO translates to more than an order
of magnitude (~0.4 eV) energy difference compared to room-temperature (~0.026 eV). We have
shown  that  these  surprising  results  are  robust  by  obtaining  very  similar  trends  with  other
software packages. Due to this sensitive dependence on basis sets, previous studies that have
employed the commonly-used double zeta basis sets may need to be re-examined (especially
for CO-based reactions).

Moving forward, we suggest that conducting a single-point binding energy calculation
with  different  quality  basis  sets  be  first  carried  out  as  a  diagnostic  test  to  ensure  that  a
suitable/reliable basis set is chosen prior to carrying out the computationally-demanding BOMD
collision  reactions.  Specifically,  if  the  resulting  binding  energies  obtained  with  two  different
quality  basis  sets  are  similar,  then  the  resulting  BOMD  dynamics  can  still  reliably  (and
efficiently)  use  the  lower-quality  basis  set.  However,  if  the  computed  single-point  binding
energies from two different quality basis sets are dissimilar, extreme care should be taken since
the resulting BOMD simulations will exhibit qualitatively different dynamics with these basis sets.
Finally, although the conclusions drawn in this study pertain to basis set effects from BOMD
simulations (where only the ground state PES is involved), we believe that these effects are
quite general  and will  be  applicable  even to non-adiabatic  molecular  dynamics simulations,
which is the focus of a future study.
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