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ABSTRACT
Molecular hydrogen has the potential to significantly reduce the use of carbon dioxide emitting energy processes. However, hydrogen gas
storage is a major bottleneck for its large-scale use as current storage methods are energy intensive. Among different storage methods,
physisorbing molecular hydrogen at ambient pressure and temperatures is a promising alternative—particularly in light of the advance-
ments in tunable lightweight nanomaterials and high throughput screening methods. Nonetheless, understanding hydrogen adsorption in
well-defined nanomaterials remains experimentally challenging and reference information is scarce despite the proliferation of works pre-
dicting hydrogen adsorption. We focus on Li, Na, Ca, and K, decorated graphene sheets as substrates for molecular hydrogen adsorption,
and compute the most accurate adsorption energies available to date using quantum diffusion Monte Carlo (DMC). Building on our pre-
vious insights at the density functional theory (DFT) level, we find that a weak covalent chemisorption of molecular hydrogen, known as
Kubas interaction, is feasible on Ca decorated graphene according to DMC, in agreement with DFT. This finding is in contrast to previous
DMC predictions of the 4H2/Ca+ gas cluster (without graphene) where chemisorption is not favored. However, we find that the adsorption
energy of hydrogen on metal decorated graphene according to a widely used DFT method is not fully consistent with DMC. The reference
adsorption energies reported herein can be used to find better work-horse methods for application in large-scale modeling of hydrogen
adsorption. Furthermore, the implications of this work affect strategies for finding suitable hydrogen storage materials and high-throughput
methods.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0174232

I. INTRODUCTION

The smallest molecule, hydrogen (H2), has the potential to
sharply improve sustainable energy production by replacing fossil
fuels in a variety of applications, such as vehicular fuel and home
heating. For example, water is the only by-product of converting H2
using polymer electrolyte membrane (PEM) fuel cells, and therefore,
its use would drastically reduce pollutants from vehicles. However,
the efficient storage of hydrogen molecules is an outstanding chal-
lenge. The most currently used storage method is to pressurize H2 at
high (∼700 bars) pressure inside carbon fiber tanks.1 This simple but

expensive route affects the fuel economy of vehicles, detracting con-
siderably from the benefits of the hydrogen technology. Alternative
storage strategies include strong (dissociative) chemisorption, also
known as the spillover effect, and non-dissociative physisorption,
whereby H2 is adsorbed on a surface as intact gas molecules. The
spillover effect is typically associated with high energy barriers for
hydrogen release, which also reduces the energy yield from hydro-
gen. Meanwhile, the spontaneous adsorption of molecular hydrogen
within an energy window of −200 to −400 meV per H2 molecule
in a lightweight material circumvents the need for high pressures
or extreme temperatures.2,3 Our focus is to find materials and
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interaction mechanisms that bring the H2 adsorption energy into
that range on a lightweight material.

Graphene, carbon nanotubes, and analogous low-dimensional
materials have the advantage of being lightweight with high surface
areas for adsorption and being made of earth abundant elements.
However, experimentally derived adsorption energies and theoreti-
cal predictions for H2 on graphene and carbon nanotubes appear to
be very weak, typically at less than −50 meV per H2 molecule.3–11

In our previous work,2 a density functional theory (DFT)-based
method predicts that metal decorating atoms on graphene, such as Li
and Ca, can boost the adsorption energy by over 100 meV—bringing
it almost into the useful binding energy window for storage. How-
ever, it is well known that DFT methods suffer from the electron
delocalization problem and can also be inaccurate for predicting
long-range dispersion based interactions. In particular, it has pre-
viously been shown that DFT methods wrongly stabilize a cova-
lent bond between hydrogen and group two metals with available
3d-states, such as Ca, known as Kubas-type binding,12 in the gas
phase.13–16 However, it is not known if this inaccuracy carries over
to the solid-state system where the metal atoms are supported by
graphene. Since Kubas-type binding is predicted to be a very tunable
form of chemisorption interaction in low-dimensional materials at
the DFT level, we aim to establish whether it is a feasible inter-
action using a higher-accuracy method in this work. We use a
wavefunction-based method that has been shown to have bench-
mark accuracy, namely, quantum diffusion Monte Carlo (DMC).
We predict the most promising materials indicated in our previous
work with DMC and report the most accurate adsorption energies
available to date for H2 on pristine and metal decorated graphene.
In doing so, we establish the propensity of the materials considered
here to bind H2. We also find that a widely used DFT method slightly
overestimates the binding for alkali metal (Li, Na, and K) deco-
rated graphene and severely overestimates binding on Ca decorated
graphene.

II. METHODS AND COMPUTATIONAL SETUP
We established PBE + D3 binding geometries for hydrogen

on pristine graphene in Ref. 5 and on Li, Na, Ca, and K deco-
rated graphene in a recent work.2 Perdew–Burke–Ernzerhof (PBE)
approximation is a widely used generalized gradient approximation
in DFT,17 and a semi-empirical two- and three-body dispersion cor-
rection D3 is added using the zero-damping function.18 We use the
optimized geometries with the most favorable binding energies per
H2 molecule according to PBE + D3: 3H2 + Li@Gr, 3H2 + Na@Gr,
4H2 + K@Gr, and 4H2 + Ca@Gr, as can be seen in Fig. 1. The
adsorption energy is defined as

Eads = (Etot
nH2+M@Gr − Etot

M@Gr − nEtot
H2)/n, (1)

where Etot
nH2+M@Gr is the total energy of the n number of hydrogen

molecules adsorbed on metal decorated graphene (M@Gr) where
the metal can be Li, Na, K, or Ca. Correspondingly, Etot

M@Gr is the
total energy of the metal decorated graphene substrate and Etot

H2
is

the total energy of a gas phase hydrogen molecule. Note that the
graphene sheet is a (5 × 5) unit cell of graphene and Projector Aug-
mented Wave (PAW) potentials [available for the Vienna Ab initio
Simulation Package (VASP) 5.4.4 software package] with explicit
semi-core electrons were used for the metal atoms.19–22 In addi-

FIG. 1. The PBE + D3 geometries of (a) H2 on pristine graphene (H2 + Gr), (b)
3H2 + Li@Gr, (c) 3H2Na@Gr, (d) 4H2 + K@Gr, and (e) 4H2 + Ca@Gr. The unit
cell is indicated by a blue bounding box.

tion to the geometries previously established, we used PBE + D3 to
find a physisorption minimum for 4H2 molecules on Ca@Gr. This
structure is also available in the supplementary material, and the
corresponding H2–Ca separation distances are ∼3.3–3.6 Å with an
adsorption energy of −81 meV per H2 molecule. In order to under-
stand the impact of electron localization at the DFT level, we use
the simplified approach to the Hubbard U method, introduced by
Dudarev et al.,23 as implemented in VASP v.5.4.4. These heuristic
calculations used U values for 3d-states in Ca between 1 and 6 eV,
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which is a range that is typically applied to metal atoms. Note that we
set the J value to zero in all calculations. The DFT-VASP calculations
of the Ca@Gr-based system undertaken in this work are computed
using a 3 × 3 × 1 k-point grid, shifted from Γ by (1/2, 1/2, 0) and
400 eV plane wave cutoff. This yields only a 2 meV difference in
the (Kubas-bound) 4H2 + Ca@Gr PBE +D3 adsorption energy with
respect to our previous work.2

Previously, we computed the adsorption energy of a single H2
molecule on pristine graphene5 using a (3 × 3) unit cell of graphene
and two k-points. Fixed-nodes were used with Slater–Jastrow-type
trial wavefunctions, where the orbitals for the Slater determinant
were computed using PWSCF in Quantum Espresso.24,25 The result
was −24 ± 11 meV. Here, we follow the same computational setup,
but we invoke recent developments, mainly the determinant local-
ization approximation (DLA) in quantum Monte Carlo (QMC),26

which avoids a bias in the QMC energy from the use of different
Jastrow factors in the limit of small time steps. We used CASINO
v.2.1327 (with time steps of 0.03 and 0.05 a.u.) as well as the graph-
ics processing unit (GPU) enabled DMC algorithm in QMCPACK
v.13.5.928 (with time steps of 0.015 and 0.05 a.u.) to obtain the hydro-
gen adsorption energy with stochastic errors of 2–5 meV. The results
from the two QMC codes and different time steps are all fully consis-
tent within the stochastic error bars. See the supplementary material
for full details.

The geometries from PBE +D3 (available in the supplementary
material) were used to perform DFT calculations with Quan-
tum Espresso v.6.8.24,25 The unit cells can be seen in Fig. 1.
More specifically, input orbitals were computed using the local
density approximation (LDA) in Quantum Espresso, with ccECP
pseudopotentials,29–32 a 400 Ry planewave energy cutoff, and a vac-
uum of ∼15 Å in the direction perpendicular to graphene. The ccECP
pseudopotentials treated three electrons explicitly for Li, nine elec-
trons for Na and K, and ten electrons for Ca. We tested the effect
of using softer-core ccECP pseudopotential for Na and Li at the
DFT level. We found that the PBE + D3 adsorption energy per
H2 molecules deviates by 5 meV for 3H2 + Li@Gr and 7 meV for
3H2 + Na@Gr due to the softer pseudopotentials.

The orbitals obtained from DFT are used to define the nodal
surface of each system in DMC, and it is typically insensitive to the
choice of DFT functional that is employed; however, we also vali-
date it here using two DFT functionals. LDA is a simple and efficient
method that can be used for metallic systems and to validate its use;
here, we computed the LDA and hybrid B3LYP33 orbitals for a small
gas-phase Ca+ + 4H2 cluster for comparison. The resulting DMC
total energies and interaction energies based on LDA and B3LYP
orbitals are statistically indistinguishable (see Appendix B for fur-
ther information). All calculations were spin-polarized. For the Li,
Na, and K decorated graphene systems, a k-point mesh of 3 × 3 × 1
centered on the Γ-point was used, which is sufficient to converge
hydrogen adsorption energies at the DFT level. Using the resulting
charge density, a separate non self-consistent field (NSCF) calcula-
tion was performed at a single k-point to produce orbitals for the
following QMC calculations. The adsorption energy based on a sin-
gle k-point is in agreement with the adsorption energy from the full
k-point grid for 3H2 + Li@Gr, 3H2 + Na@Gr, and 4H2 + K@Gr,
as can be seen in the supplementary material. However, the adsorp-
tion energy in the 4H2 + Ca@Gr system is more dependent on the
k-point grid, and for this system, we undertook a careful analysis

of the occupations at different k-points. We find that a 3 × 3 × 1
k-point grid shifted from Γ by (1/2, 1/2, 0) in reciprocal units yields
a converged adsorption energy at the LDA level, with respect to a
15 × 15 × 1 k-point mesh. Moreover, partial occupations around the
Fermi energy are avoided using the shifted 3 × 3 × 1 k-point grid,
which is preferential as it allows us to perform QMC calculations
at separate k-points using only integer occupations. LDA orbitals
were obtained using NSCF calculations at each k-point with occu-
pations set according to the those in the LDA SCF calculation in
the full k-point grid. Further information and justification of this
protocol based on the electronic structure for Ca@Gr based sys-
tems can be found in Appendix A and the supplementary material.
The planewave orbitals were localized using B-splines34 and a mesh
factor of 0.5 in QMCPACK.

QMC calculations were performed using the GPU enabled
complex version of QMCPACK v.3.15.9.28 We optimized one-, two-,
and three-body parameters for the Jastrow factor using variational
Monte Carlo (VMC) and the OneShiftOnly optimizer implemented
in QMCPACK. The Jastrow factors were optimized for the adsorbed
systems at the Γ-point only, and the element-specific parameters
from these optimizations were used in the reference systems (M@Gr
and H2) for consistency and efficiency. Note that we also invoked
the DLA scheme, which removes the bias of the Jastrow factor on
the energy in the limit of small time steps.26 We used time steps of
0.03 a.u. for all systems in the fixed-phase DMC calculations, and
we tested additional time steps of 0.06, 0.01, and 0.005 a.u. See the
supplementary material for a full account of DMC time step conver-
gence tests. In addition, we used 21 000 total walkers across 150 GPU
accelerators. Workflows were partially automated using NEXUS.35

III. RESULTS
In the following, we report the most accurate hydrogen adsorp-

tion energies available to date for metal decorated graphene sheets
using fixed-phase DMC and establish the existence of a Kubas-
bound chemisorption minimum on Ca@Gr. We also report the
adsorption energy of hydrogen on pristine graphene with a quar-
ter of the stochastic uncertainty from previous work.5 In Sec. III A,
we report the DMC adsorption energies for fixed structures found
from the screening of hydrogen molecules on M@Gr systems.2 In
Sec. III B, we uncover the difference between chemisorption and
physisorption of H2 on Ca@Gr with DMC in order to under-
stand the reliability of DFT methods for Kubas-type binding. In
Sec. III C, we provide further heuristic insights on the effect of elec-
tron delocalization on the adsorption energy of hydrogen molecules
in Kubas-type bonding using the Hubbard U method in DFT.

A. Reference H2 adsorption energies on Li,
Na, Ca, and K decorated graphene

The DMC and PBE + D3 predictions of H2 adsorption on
pristine graphene and adatom decorated graphene are reported in
Table I and shown in Fig. 2. In addition, we report a more precise
prediction of the hydrogen adsorption energy on pristine graphene
(−20 ± 3 meV), which is consistent with our previous result
(−24 ± 11 meV).5

DMC reference adsorption energies allow us to assess PBE+D3
adsorption energies, keeping in mind that PBE + D3 geometries
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TABLE I. Interaction energies per H2 molecule (in meV) from DMC and PBE + D3
for the most binding configurations found at the PBE + D3 level. The best available
DMC interaction energy is reported for each system. Error bars corresponding to 1σ
are given.

System DMC PBE + D3

H2 + Gr − 20 ± 3 −53a

3H2 + Li@Gr −172 ± 6 −187
3H2 + Na@Gr −162 ± 6 −176
4H2 + K@Gr −114 ± 5 −137
4H2 + Ca@Gr −113 ± 2 −190
aValue computed in Ref. 5.

are used throughout. PBE + D3 overbinds the systems we report
by 9 meV in 3H2 + Li@Gr, 8 meV in 3H2 + Na@Gr, 17 meV in
4H2 + K@Gr, and 74 meV in 4H2 + Ca@Gr, per H2 molecule with
respect to the DMC references (outside of the 1σ stochastic error
bars in DMC). Therefore, the performance of PBE +D3 across these
relatively similar materials is variable, indicating that PBE + D3
and, indeed, similar DFT methods may not accurately rank different
materials for hydrogen storage on a large-scale.

Note that the dispersion contribution to the binding energy is
over 60% in the adsorption systems considered here and is between
−71 and −78 meV per H2 molecule (see the supplementary material
for a breakdown of the PBE + D3 binding energies). While it is
known that the metal adatoms are at least partially oxidized by
graphene, the D3 dispersion contribution is independent of the PBE
charge density of the atoms. However, as dispersion stems from elec-
tron correlation and is dependent on the electronic structure, it is
interesting to consider an alternative dispersion method, such as the
Tkatchenko–Scheffler van der Waals (TS-vdW) method.36–39 The
TS-vdW method (as implemented in VASP) uses an iterative Hir-
shfeld partitioning scheme of the charge density. The results of PBE
+ TS-vdW are reported in the supplementary material, and here, we
briefly note that the TS-vdW contribution is similar to D3 at−70 and

FIG. 2. The DMC and PBE + D3 adsorption energy of H2 on pristine graphene
(Gr), Li@Gr, Na@Gr, K@Gr, and Ca@Gr in meV. We report the best available
DMC result per system.

−80 meV per H2 molecule. For Li, Na, and K decorated graphene,
TS-vdW is a few meV stronger than D3, whereas it is 8 meV weaker
for 4H2 + Ca@Gr. This suggests that if there is an effect on the
dispersion energy from the charge transfer between the adatoms
to graphene, it is small. Nonetheless, PBE + TS-vdW also overes-
timates the H2 binding energies with respect to DMC, suggesting
that it is not only the dispersion component in DFT that is impor-
tant for predicting these materials accurately. Indeed, PBE (without
dispersion) fortuitously predicts −112 meV for the 4H2 + Ca@Gr
binding energy, in agreement with DMC. As dispersion is expected
to be non-zero in the binding energy, PBE is likely overestimating
the non-dispersion interactions in 4H2 + Ca@Gr.

The large discrepancy of 70 meV between PBE + D3 and DMC
for 4H2 +Ca@Gr is particularly noteworthy. In our previous work at
the DFT level, Ca@Gr was found to be the most promising material
among group 1 and 2 adatom decorated graphene sheets for hydro-
gen storage. This was partly due to the favorable adsorption energy
predicted using PBE +D3 and also thanks to the tunable mechanism
that underpins this binding. More specifically, it has been shown
that a weak Kubas-type covalent bonding can exist between hydro-
gen and a metal atom with partial d-state occupation. We showed
using DFT that this form of binding can be tuned with experimen-
tally accessible controls, such as external electric fields and substrates
supporting graphene. Here, we find that PBE + D3 significantly
overbinds 4H2 +Ca@Gr, and according to DMC, Ca@Gr and K@Gr
are the weakest adsorbers of hydrogen among the four materials
computed in this work. In order to understand whether Kubas-
type binding of hydrogen is feasible at all on Ca@Gr, we have to
consider the relative energy difference between the Kubas-bound
4H2 + Ca@Gr system and a corresponding physisorption structure
on Ca@Gr. This is addressed in Sec. III B.

B. Is H2 Kubas-bound or physisorbed on Ca@Gr?
We have established that the PBE + D3 absolute adsorp-

tion energy for the (chemisorbed) Kubas-bound 4H2 + Ca@Gr is
overestimated by 74 meV with respect to DMC. Furthermore, the
−113 ± 2 meV hydrogen adsorption energy predicted by DMC is
far outside the favorable window of −200 to −400 meV for hydro-
gen storage.2,3 However, it is, nonetheless, important to establish if
the Kubas-type mechanism of binding predicted at the DFT level
for Ca@Gr is feasible since we previously showed that such a cova-
lent form of interaction has potential for being tuned toward more
favorable hydrogen adsorption energies. To this end, our goal is
to compare the thermodynamic binding preference between the
Kubas configuration and a corresponding physisorption complex.
We performed PBE + D3 geometry optimizations for several dif-
ferent starting positions of 4H2 molecules centered on Ca@Gr. The
initial structures included H2 in upright and flat orientations relative
to the graphene sheet and Ca–H2 distances of ∼3.5 Å.

The most favorable physisorption structure is shown in Fig. 3,
and its adsorption energy is −81 meV per H2 molecule with
PBE +D3. Using the same physisorption configuration in DMC and
a time step of 0.03 a.u., the physisorption energy is −31 ± 3 meV.
Therefore, PBE + D3 overestimates both the chemisorption and
physisorption binding energies, but their relative order is preserved
in DMC, indicating that Kubas-type binding is thermodynami-
cally feasible. DMC predicts that the chemisorption state is favored
over physisorption by ∼80 meV at 0 K. As such, there is renewed
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FIG. 3. The PBE + D3 adsorption configurations for 4H2 + Ca@Gr in the Kubas
chemisorption and physisorption minima and the corresponding DMC, PBE + D3,
and PBE + D3 + U adsorption energies in meV per H2 molecule. The U values
are indicated in parentheses. Separation distances are indicated in red and orange
from the Ca adatom to the H2 molecules. The H–H bond length is also reported.

potential for Kubas-type interactions to be exploited as a tunable
binding mechanism for storage of H2 in metal decorated materials.

The considerable difference between the Kubas chemisorp-
tion and physisorption energy of 4H2 + Ca@Gr can be understood
by noting different electronic states that are the highest occupied
molecular orbitals (HOMOs) in each configuration, as shown in
Fig. 4. Given that the Slater determinant of the DMC wavefunc-
tion is initialized by LDA orbitals (and the nodal surface remains
fixed), it is evident from Fig. 4 that the chemisorption and physisorp-
tion states are starkly different in electronic configuration as well as
geometry. Therefore, it is important to consider how the electronic
configuration of the chemisorption state is affected by different elec-
tronic structure methods. To this end, we gauge the effect of electron
localization on the electronic structure and adsorption energy of
4H2 + Ca@Gr in Sec. III C.

FIG. 4. The 4H2 + Ca@Gr chemisorption and physisorption HOMOs from LDA
orbitals that are used for DMC simulations. The spin-up isosurface in yellow and
spin-down isosurface in purple are shown at an isosurface level of 0.005 a0

−3/2.
Ca is green, C atoms are grey, and H2 molecules are light blue.

C. A heuristic test of electron localization
using Hubbard U

Previous DMC and coupled cluster (with single, double, and
perturbative triple excitations) predictions of a Ca+–4H2 isolated gas
cluster showed that Kubas-type binding is not thermodynamically
favored relative to physisorption and that DFT methods strongly
favor Kubas-type binding incorrectly.13 In this work, we also com-
puted the Ca+–4H2 gas cluster using our DMC protocols as well
as using LDA and hybrid B3LYP. Our results are consistent with
previous works, and we report the findings in Appendix B for the
interested reader. This qualitatively wrong finding from DFT can be
attributed to the delocalization error in exchange–correlation func-
tionals such that the stabilization from the orbital overlap of the
3d-state of Ca+ and the H2 1σ∗ orbitals is overestimated. Impor-
tantly, this was found to be the case even using a hybrid density
approximation, such as B3LYP, which partially corrects for the
delocalization error by including a fraction of exact exchange.

In the materials we consider, the metal adatoms are at least
partially oxidized by the graphene sheet, making the whole system
metallic2 and thus setting them apart from the gas-cluster system
computed with reference methods in the past. To understand the
impact of increasing the electron localization on the chemisorption
and physisorption minima of 4H2 + Ca@Gr, we performed heuris-
tic PBE + D3 calculations with Hubbard U corrections for U values
between 1 and 6 eV. In doing so, we find that the physisorption
energy is relatively unperturbed for different U values, ranging from
−82 to −86 meV, as can be seen from Fig. 3 and Table II, whereas
the chemisorption minimum is strongly affected by electron local-
ization, weakening with the increasing U value, by up to −114 meV
at U = 6 eV (−71 meV after geometry relaxation). This can be under-
stood by observing that the HOMO for the Kubas-bound system is
dominated by the 3d state of Ca overlapping with the anti-bonding
1σ∗ orbitals of H2 molecules, while the physisorption HOMO is
dominated by the Ca 4s state, as can be seen in Fig. 4. Importantly,
the HOMO of the chemisorption state is dominated by the 3d state
of Ca even up to U = 6 eV as can be seen in the projected density
of states (PDOS) of the chemisorption system at different U values
in Fig. 5. It can also be seen that the Ca 3d state is less occupied
for U = 6 eV than for U = 1 eV. As such, the application of the U

TABLE II. The chemisorption and physisorption minima from PBE + D3 geometry
relaxations were computed with PBE + D3 + U where U values from 1 to 6 eV have
been used. The values in parentheses are the adsorption energies following the full
atomic relaxation with the corresponding PBE + D3 + U functional. All adsorption
energies are in meV per H2 molecule.

U (eV) Chemisorption Physisorption

1 −168 (−168) −82 (−82)
2 −144 (−144) −83 (−83)
3 −121 (−121) −84 (−85)
4 −98 (−98) −85 (−87)
5 −75 (−93) −86 (−88)
6 −54 (−97) −86 (−87)
PBE + D3 −192 −81
DMC −113 ± 2 −31 ± 3
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FIG. 5. The PDOS of the fixed chemisorption configuration for 4H2 + Ca@Gr using
PBE + D3 + U with a U value of 1 eV in (a) and 6 eV in (b). A denser k-point grid
of 15 × 15 × 1 was used, and the sumo code was used for post-processing.40

value to the d-state of Ca more strongly affects the binding energy of
the Kubas-bound chemisorption structure. While this explains the
sensitivity of the chemisorption energy to electron localization, it
also suggests that different exchange–correlation functionals yield
the same order of occupied electronic states and similar nodal sur-
face for a given geometry. As fixed-phase DMC is constrained only
according to the nodal surface, the implication is, therefore, that the
DMC chemisorption energy is unaffected by different input DFT
orbitals—as is also shown in the Ca+ + 4H2 gas cluster.

Separately, we also fully relaxed the geometries at each U value,
and as can be seen from the adsorption energies in parenthesis in
Table II, we found that the structures do not change noticeably with
the exception of PBE + D3 + U where U is 5 and 6 eV. Starting
from the Kubas-bound structure with high values of U results in
re-configuration to a physisorption state, and the bond length of
H2 molecules shorten. The H–H bond length at U of 5 and 6 eV
is 0.76 Å, and the distance to the Ca adatom is ∼2.56 and ∼3.04 Å,
respectively. In all other cases, the minimal change in structure and
adsorption energy upon relaxation with different U values also sug-
gests that the use of fixed PBE + D3 geometries in DMC does not
bias the results. Overall, this heuristic demonstration on the impact
of localizing the electron density indicates that the Kubas-type inter-
action energy is sensitive to the DFT approximation used and thus
suggests that such interactions are challenging to accurately predict
at the DFT level.

IV. CONCLUSION
We predicted the most accurate molecular hydrogen adsorp-

tion energies available to date on pristine graphene and metal
adatom decorated graphene sheets using DMC. The DMC adsorp-
tion energy of H2 on pristine graphene is −20 ± 3 meV. This result
is consistent with what was predicted with DMC in the past,5 but
thanks to algorithmic developments and better computational effi-
ciency, we achieved a quarter of the stochastic error here. Going
beyond pristine graphene, we show that among Li, Na, K, and Ca
adatoms on graphene, Li facilitates the strongest binding of molec-
ular hydrogen, with an adsorption energy of −172 ± 6 meV per
H2 molecule. Furthermore, reference DMC predicts that Ca@Gr
is the weakest adsorber of H2 in this subset of materials—in stark

contrast to previous DFT predictions. The broader implication of
this is that a widely used DFT method, such as PBE + D3, can-
not accurately rank hydrogen adsorption within a small subset of
materials with different adatoms and, therefore, cannot be expected
to deliver very accurate predictions in large-scale materials screen-
ing. However, we additionally computed a physisorption minimum
for 4H2 on Ca@Gr with PBE + D3 and DMC and ascertained
that a chemisorption minimum is thermodynamically favored. We
have previously shown that the chemisorption minimum is under-
pinned by Kubas-type covalent binding and is, therefore, modifiable
by external controls, such as electric fields and substrate materi-
als supporting the graphene sheet. As a result, the confirmation
from DMC that this form of binding is thermodynamically feasible
provides support for further work on exploiting Kubas-type interac-
tions to boost the hydrogen adsorption energy for hydrogen storage
applications.

SUPPLEMENTARY MATERIAL

We provide geometries for the systems computed herein and
details on time step convergence in DMC, the estimate of two-
body finite size effects in QMC, the band structure of Ca decorated
graphene systems, and the breakdown of DFT binding energies in
the supplementary material.
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APPENDIX A: SAMPLING THE BRILLOUIN ZONE
IN DMC USING INFORMATION FROM DFT

The k-point convergence of the adsorption energy on Li, Na,
and K decorated graphene is achieved with a single k-point with
respect to a fully converged Γ centered 5 × 5 × 1 k-point grid, as
shown in Table III. The single k-point calculations were performed
non-self-consistently using the fully converged charge densities with
LDA and VASP v5.4.4. Although the adsorption energy cannot
be obtained directly from a non-self-consistent calculation using
Quantum Espresso, we found that the adsorption energies are in
agreement between the two codes at these k-point grids and that
the same convergence is achieved. Using this information, we chose

TABLE III. Adsorption energies per H2 molecule (in meV) from LDA using fully con-
verged 3 × 3 × 1 and 5 × 5 × 1 k-point grids and non-self-consistently (using the
converged charge density) at the Γ and K points.

3H2 + Li@Gr 3H2 + Na@Gr 4H2 + K@Gr

Γ −232 −212 −168
K −235 −215 −172
3 × 3 × 1 −234 −215 −172
5 × 5 × 1 −234 −215 −172

the K point to produce orbitals for the DMC adsorption energy
computations of 3H2 + Li@Gr, 3H2 + Na@Gr, and 4H2 + K@Gr.

The 4H2 + Ca@Gr system has a more complex convergence
with respect to k-point sampling, and we found that the adsorp-
tion energy at each (non-self-consistently computed) k-point varies
significantly from the fully converged adsorption energy. This neces-
sitates the twist-averaging of DMC energies with orbitals obtained at
different k-points. In order to find the most accurate (and feasible)
grid for twist-averaging, we analyzed the results of several k-point
grids and the electron occupancies across a dense 15 × 15 × 1 grid for
the three configurations: Kubas-bound 4H2 + Ca@Gr, physisorbed
4H2 + Ca@Gr, and the Ca@Gr substrate. The electron occupancy
at different points in reciprocal space in the first Brillouin zone can
be seen in Fig. 6. In DFT, non-integer electron occupations are pos-
sible thanks to smearing across a set of k-points; however, in our

FIG. 6. The occupations at each k-point in the first Brillouin zone according to the LDA with a 15 × 15 × 1 k-point mesh centered on the Γ point for the Kubas-bound
chemisorbed 4H2 + Ca@Gr (a) and (b), Ca@Gr (c) and (d), and physisorbed 4H2 + Ca@Gr (e) and (f) configurations. Upper panels show spin-up electrons, and the lower
panel shows spin-down electrons. The Γ, M, and K points are indicated in light blue. The pink circles mark the 3 × 3 × 1 grid shifted by (1/2, 1/2, 0) from the Γ point, which
is the grid used in LDA and DMC calculations to compute the adsorption energy of 4H2 on Ca@Gr.
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TABLE IV. The adsorption energy and electron population from the 3 × 3 × 1 off-centered grid and at the corresponding separate k-points. The adsorption energy at each
individual k-point is computed using NSCF calculations based on the converged charge density and the corresponding integer number of electrons in each row. The adsorption
energy is reported for the Kubas-bound chemisorbed 4H2 + Ca@Gr system.

k-points Eads (meV) Chem. 4H2 + Ca@Gr Phys. 4H2 + Ca@Gr Ca@Gr

SCF@ 3 × 3 × 1 −363 LDA (QE) and QMC LDA (QE) QMC LDA (QE) QMC

1/6, 1/6, 0 −935 218 217.5 217 209.5 209
1/2, 1/6, 0 176 218 219 219 211.0 211
−1/6, 1/6, 0 −882 218 217 217 209.0 209
1/6, 1/2, 0 −262 218 219 219 211.0 211
1/2, 1/2, 0 −423 218 217 217 209.0 209
−1/6, 1/2, 0 177 218 219 219 211.0 211
1/6, −1/6, 0 −882 218 217 217 209.0 209
1/2, −1/6, 0 176 218 219 219 211.0 211
−1/6, −1/6, 0 −412 218 217.5 218 209.5 210

Average −363 218 218 218 210 210

real-space QMC simulations, only integer electron occupations are
allowed. As a result, the most suitable k-point grids at the DFT level
correspond to those that avoid non-integer occupations and achieve
good convergence for the adsorption energy. The 3 × 3 × 1 grid that
is shifted by (1/2, 1/2, 0) from the Γ point center is well-converged
for the adsorption energy and has mostly integer occupations at
each k-point, as can be seen from Table IV and Fig. 6. Out of the
9 k-points, there are only two k-points with 1/2 electron each at the
LDA level, and this is the case only for the physisorbed 4H2 +Ca@Gr
and Ca@Gr substrate systems. The two k-points with 1/2 electron
occupation are equivalent in energy, and as such, we can assign one
full electron to only one of the k-points and 1/2 an electron less on
the other k-point. In doing so, the correct total number of electrons
and the total energy are maintained when averaged. We report the
occupancies from LDA and those used at the QMC level in Table IV.

APPENDIX B: THE 4H2 + Ca+ GAS CLUSTER

Bajdich et al. previously computed the interaction energy curve
for a 4H2 + Ca+ gas cluster, where the 3d-state of Ca is also found
to be partially occupied with some methods, enabling a Kubas-type
binding.13 We have verified this using ccECP pseudopotentials and
the QMCPACK code in this work; see Fig. 7. The gas cluster geom-
etry is obtained from a constrained B3LYP geometry optimization
using ORCA and def2[3/4] basis set extrapolations. The constraint
was to keep the square planar orientation of the complex with Ca
at the center, while the H–H bond length is allowed to relax. In
the work of Bajdich et al., the H–H bond length was kept fixed for
different Ca–4H2 separation distances instead. However, Purwanto
et al. verified that the impact of flexible H–H bonds is small while
predicting the gas cluster with auxiliary field QMC.14

We used Quantum Espresso to produce LDA and B3LYP
orbitals for DMC with a 600 Ry planewave cutoff and the gas clus-
ter in a unit cell box (15 × 15 × 15) Å3. We find that the B3LYP
and LDA orbitals yield near-indistinguishable interaction energies
across the separation distances where physisorption and Kubas-type

binding may occur. In addition, the DMC total energy with LDA
and B3LYP orbitals is statistically indistinguishable, e.g., at a sepa-
ration distance of 2.2 Å, the DMC total energy with LDA orbitals is
−1119.412 ± 4 eV, while it is −1119.408 ± 3 with B3LYP. Moreover,
we confirm that DMC does not clearly favor Kubas-type binding in
the gas cluster, and this is independent of the exchange–correlation
functional used to obtain orbitals. The main effect of the under-
lying orbitals (B3LYP and LDA) is to shift the distance at which
the HOMO switches from the 3d orbital of Ca (corresponding to
the first minimum) to the 4s orbital (corresponding to the second
minimum), as can be seen from Fig. 7. More specifically, the DMC-
LDA HOMO at 2.8 Å is mostly Ca-3d, while DMC-B3LYP HOMO
at this distance has Ca-4s character. However, near the interaction

FIG. 7. Interaction energy curves from DMC with LDA and B3LYP orbitals for the
Ca+–4H2 gas cluster. DMC using LDA orbitals with 0.01 and 0.05 a.u. time steps
are shown. The stochastic uncertainty at each point is smaller than the marker.
The insets show the B3LYP HOMO at 2.2 [d(H–H) = 0.77 Å] and 3.3 Å [d(H–H)
= 0.75 Å] separation distance from the Ca+ cation, respectively.
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energy minima, LDA and B3LYP orbitals are consistent, and there-
fore, the DMC energies are in good agreement. Our calculations are,
therefore, consistent with previous QMC works.13,14
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