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Abstract

Density functional theory (DFT) has been widely employed to study the gas adsorption properties
of surface-based or nanoscale structures. However, recent indications raise questions about the
trustworthiness of some literature values, especially in terms of the DFT exchange—correlation
(XC) functional. Using hydrogen adsorption on metalloporphyrin-incorporated graphenes (MPIG)
as an example, we diagnosed the trustworthiness of DFT results, meaning the range of expected
variations in the DFT prediction of experimentally measurable quantities, in characterizing the gas
adsorption/desorption thermodynamics. DFT results were compared in terms of XC functionals
and vibrational effects that have been overlooked in the community. We decomposed free energy
associated with gas adsorption into constituting components (binding energy, zero-point energy,
vibrational free energy) to systematically analyze the origin of deviations associated with the most
commonly adopted DFT functionals in the field. We then quantify the deviations in the measurable
quantities, such as operating temperature or pressure for hydrogen adsorption/desorption
depending on the level of approximations. Using chemical potential change associated with gas
adsorption as a descriptor, we identify the required calculational accuracy of DFT to predict room
temperature hydrogen storage material.
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Gas adsorption is a fundamental surface phenomenon that has significant implications in broad
applications, including gas storage, separation, sensing, and catalysis. Over the past few decades,
due to the reasonable chemical accuracy obtained at low computational cost, density functional
theory (DFT) has been the most popular electronic structure method for studying gas adsorption
on surfaces and micropores. However, despite DFT’s enormous success, the approximate nature
of the XC functional within Kohn-Sham theory has caused DFT to show limited to no success in
certain systems/properties, and its validity with hydrogen adsorption on some systems has been

under scrutiny.

A number of papers have addressed the accuracy of DFT calculations in describing gas adsorption
properties, giving qualitative and quantitative estimations of the dependence of the calculated
properties on the XC functional [1-6]. The studies show that adsorption properties can change
markedly. For example, while standard DFT predicts Ca-decorated graphene to be a promising
hydrogen storage material [1,2], van der Waals (vdW) density functional studies give very
different perspectives. Another study shows that both standard and dispersion-based DFT are
unable to correctly describe charge transfer in carbon dioxide adsorption on alkaline earth metals
[5]. In addition, while the majority of the density functional studies on gas adsorption are limited
to calculations of binding energy and geometric parameters with little investigations of vibrational
entropy effects [7-14], the actual adsorption thermodynamics is governed by entropic as well as
energetic contributions. Moreover, our recent report shows that the soft-mode driven vibrational
entropy is nontrivial [15], indicating that knowledge of the vibrational property is indispensable

for more accurately describing gas adsorption thermodynamics.
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In this letter, we report the XC functional dependence of hydrogen adsorption/desorption
thermodynamics with full consideration of binding energy, zero-point energy (ZPE), and
vibrational entropy. Binding energy is typically a main determinant of accuracy, but high
variability in the potential energy surface (PES) deteriorates the predictive power, particularly for
weakly coupled systems. The XC functional dependence of the thermodynamic properties is
sorbent-specific, with the so-called Kubas system giving stronger XC functional dependence for
binding energy. On the other hand, the vibrational free energy shows stronger XC functional
dependence for the weakly interacting vdW system. We find that full consideration of binding
energy as well as vibrational entropy is crucial for accurately portraying the thermodynamic nature

of hydrogen adsorption and desorption.

Our calculations are based on first-principles DFT as implemented in the Vienna Ab Initio
Simulation Package (VASP). A projector-augmented method was used for the ionic potentials. A
3x3x1 mesh was used for the k-points integration with the kinetic energy cutoff of 500 eV. The
supercell was 8x8 graphene (located in xy plane) with 15 A of vacuum space in z direction. The
hydrogen adsorption of metalloporphyrin-incorporated-graphene (MPIG) (Fig. 1) with five
different metals was studied. The five MPIGs offer binding energies ranging from weak vdW (Zn-,
Mg-, Ca-PIG) to stronger Kubas-type (V- and Ti-PIG) interactions. Five different XC functionals
were employed, from the local and semi-local functionals of LDA [16] and GGA-PBE [17] to the
vdW included functionals such as vdW-TS [18], vdW-DF [19], and vdW-DF2 [20]. Atomic
structures were optimized by the conjugated gradient method with 0.02 eV/A force criterion for a
given functional. Considering the large mass difference between H, and the binding metal, we

obtained the PES by incrementally displacing H, from the binding site along the vibration
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direction. Because the frequencies of the soft vibration and rotation modes are sensitive to the
fitting range of the harmonic approximation, to avoid ambiguity, we numerically calculated them
with a sufficiently large area of H, PES around the equilibrium position. We also performed a
couple of higher level calculations for benchmarking XC functionals. Specifically, we
benchmarked H, adsorption energy for the PBE functionals in comparison with the coupled cluster

method for selected metalloporphyrins systems (see Fig.S1 and S2 in Supplementary Materials).

Table 1 summarizes the geometric parameters of the optimized
structures of H, bound onto the MPIG surface in side-on fashion,
which is typical of the Kubas-type interactions [21,22]. As expected,
a strong metal-H, binding seen in Kubas interactions leads to short metal-H, separation distance,
whereas a weak metal-H, binding seen in vdW systems gives longer metal-H, separation. The
opposite is the case in the metal-graphene separation. The vdW-type Zn- and Mg-PIG show small
metal-graphene separation, giving relatively flat surfaces. On the other hand, Kubas-type V- and
Ti-PIG show larger metal-graphene separation, giving more protruding surfaces. The Ca-PIG gives
the largest metal-graphene distance, presumably because Ca is too bulky to fit in the graphene
surface to make a flat surface as seen in other vdW systems. The geometric parameters of the

MPIGs have relatively small XC functional dependence, on average, ranging 2-9 % variation.

The adsorption/desorption properties of hydrogen at a given temperature (7) and pressure (P)
condition are determined by the chemical potential difference, Au(T, P), between H, adsorbed on

the surface and free H, by the following relationship [15]:

P
Au(T, P) = urzempic(T) — pu2(T,Po) = AE + AF(T) — pujro(T) — kpTlng,, (1)
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where kp is the Boltzmann constant, AE is the binding energy, AF is the change in Helmholtz free
energy related to vibrational modes of the hydrogen molecule, and u,(T), obtained from tabulated

experimental values, is the chemical potential of the hydrogen molecule at the reference state

(P=Py=1atm). The Helmholtz free energy can be calculated by [15,23,24]
6 hw; hw;
F(T)=%°_ 1[2 + kyT 1n{1 —exp (— ”)}] @)

where w; and h are the frequency of the vibrational normal mode i and the Planck constant,

respectively. Here, we assumed that the vibrational coupling of adsorbed H, and MPIG is weak
and that atoms of MPIG are fixed during the vibrational potential calculation. Equation (2) can be
decomposed into ZPE and the vibrational entropic free energy (Fii,), which is temperature
dependent. Without explicit calculations of vibrational mode, the latter is usually ignored and ZPE
is approximated as being about a quarter of binding energy [25]. However, it was shown that ZPE
can deviate significantly from this ad-hoc correction value. Moreover, the entropic free energy
from soft vibrational modes of the adsorbed H, considerably stabilizes the adsorption. For Ca-PIG,
this amounts to -0.14 eV at room temperature and makes Ca adsorbed-PIG a viable room-
temperature hydrogen storage material [15]. We examined the robustness of this conclusion in
terms of the choice of XC functional. Note that the partition function and the
vibrational Helmholtz free energy are calculated based on their
definitions, with harmonic approximation of the six vibrational
modes as key components determining the finite temperature
adsorption property [15], which means that our model is valid for
moderate temperature and pressure conditions when anharmonic

effects and intermolecular interactions between H, are negligible.
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The top panel of Fig. 2 shows the H, adsorption—desorption P-T phase diagram of the MPIGs
calculated by using five different XC functionals. Vibrational components result in an enhanced
hydrogen adsorption; for example, the enhancement in the chemical potential change of Mg- and
Ca-MPIG is ~-0.1eV at 300K, but a significantly higher pressure (over 100 atm) is required for
reversible room-temperature adsorption. The functional dependence becomes more pronounced
for V and Ti systems, where the pressure delineating the boundary between hydrogen adsorption
and desorption at a given temperature can range over three orders of magnitude for different XC

functionals.

XC functional dependence can be more directly traced from the difference in the chemical potential
Au of H, between adsorption and desorption. Here, the chemical potential of desorbed hydrogen
is treated as an ideal gas, and its chemical potential at P=Py=1atm, uy,(T,P,), is plotted in Fig. 2
(black solid lines) for comparison. Note that the crossing points between py,(T,Po) and upr@mpic
(T) define the phase boundary of hydrogen adsorption/desorption at 1 atm. The variations (Au ) in
chemical potential of a weakly binding system (Zn, Mg, Ca), depending on XC functionals at 300
K are 0.08, 0.13, 0.04 eV, respectively. The dependencies are larger for strong binding systems
(V, Ti), which can deteriorate the predictive power of calculations. Specifically, the XC functional-
related uncertainties in predicted hydrogen control pressure are prominent, reaching up to several
orders of magnitude depending on temperatures and systems. As an example, for room-
temperature (300 K) adsorption/desorption control enabled by controlling hydrogen partial
pressure, G should be between uyy(7, P,) and uy (7, P,), where P, (P,;) is hydrogen absorption
(desorption) pressure. For P,=100 atm and P,/~=1 atm, uy, becomes -0.21 eV and -0.32 eV,

respectively, as shown in the shaded region of Fig 1. This means the required accuracy for
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calculations is quite stringent and the XC functional dependence can be critical; the required error

in this example should be smaller than 0.1 eV.

Figure 3 presents the energy contribution of each components that makes up Ay in Eq. (1), binding
energy (AE), vibrational entropic free energy (AF(T)), and hydrogen zero-point energy change on
adsorption (AZPE). Binding energy is always a major source of XC functional dependence. In
Kubas binding systems (V, Ti), binding energy dominates all other contributions. On the other
hand, in vdW-type systems (Zn, Mg, Ca), AE, AZPE, and AF contribute to Au comparably. The
dependence of binding energy on XC functional (|AE g — AEmn|) is about 0.1 eV for the vdW
systems; if the binding energy of a typical vdW-type systems is ~0.1 eV or less, special care is
required in the choice of an XC functional to enable accurate binding energy calculations. Kubas
systems exhibit even larger XC functional dependencies in binding energy, > 0.5 eV. The major
deviation arises from local-density approximation (LDA), but despite its exclusion, the XC

functional dependence of binding energy is over 0.2 eV for the Kubas systems.

ZPE is mostly affected by stiff vibrational modes, whereas AF;, is dominated by soft vibrational
modes. Because both contributions are similar in magnitude, accurate calculations are equally
important for both cases. ZPE can be decomposed into two contributions, (1) the confinement of
H, and (2) the softening of H, stretch modes on absorption. The confinement effect and the
softening in the H-H stretching mode are prominent in Kubas systems; while the mode energies
of vdW-type Zn-, Mg-, and Ca-PIG are comparable to that of the free H,, those of Kubas-type V-
and Ti-PIG are greatly softened due to the strong but non-dissociative H,—metal coupling occurring

through charge donation and back-donation between the transition metal and H, [21]. In the inset
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of Fig. 3, rough linear relations between AE and ZPE are shown for AE < 0.4 eV. On the other
hand, the XC functional dependence of AF,;, becomes important for vdW systems. As we will see
later, the potential around the lateral translational direction is qualitatively different for different
choices of XC functionals. AF,;, is minor for Kubas-type binding elements V and Ti, and small

XC functional dependence under 0.05 eV comes from lateral confinements of H,.

We further decompose the vibrational components, AZPE and AF,;, into each constituent (Fig.
4): one stretching (S), two rotational (R,y, R,) and three translational (T, Ty, T,) vibrations of H,.
The rotational vibrations (known as the hindered rotations in chemistry) and translational
vibrations originate from the confinement of two rotational and three
translational degrees of freedom of free H, due to H,-MPIG
interactions. The H,-MPIG interaction applies a restorative force
on Hy, inducing the vibrations of small angle (R,, R,) and
displacement (T4, Ty, T.). InKubas systems, the strong H-MPIG coupling softens
the S mode while other modes stiffen due to strong adsorption (confinement). The former is
associated with the strong but non-dissociative H,—metal coupling occurring through charge
donation and back-donation between the transition metal and H,. AZPE becomes positive
(unfavorable for H, adsorption) for all systems; however, for the Kubas system, the result from
the competition between S mode and the other modes is nontrivial and checked for explicit

calculation.

On the other hand, 4F\;, is sensitive to soft vibrational modes and accurate prediction of AF;, is

rather challenging compared to 4ZPE because the soft potential energy surface needs to be
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identified with higher accuracy. The challenge is well demonstrated in Fig. 5, where the potential
energy surface of the Ty mode of Zn-PIG serves as an example. Here, LDA and vdW-TS predict
well-defined harmonic PESs due to the overestimation of the metal-H, binding energy or explicit
pairwise vdW potential, whereas PBE, vdW-DF, and vdW-DF2 predict rather flat or double
minima PES. The amplitudes of H, vibrations for the latter group are considerably larger than the
displacement used in conventional harmonic approximation (see Fig. S3), and vibrational
frequencies should be numerically calculated for those cases. For Zn-PIG, those variabilities in
PESs result in ~0.05 eV difference in A4F.;, and are enough to change the adsorption properties at

room temperature.

For Zn-PIG, those variabilities in PESs result in ~0.05 eV difference in AF and are enough to
change the adsorption properties at room temperature. Entropic contributions are largely quenched
for Kubas-type binding elements, and small contributions (<0.01 eV) come from lateral vibrational
modes. The softening in the H-H stretching mode and the confinement effects are prominent in
Kubas systems, as evidenced by their large |AZPE|. Interestingly, the strong H,—~MPIG coupling
effect of the H-H stretching mode (S) is such that it stabilizes the H, adsorption on MPIG (whereas
the other modes weaken it by increasing AZPE). In Ti-PIG, the decrease in 4ZPE by the S mode
cancels the increase in AZPE by the most dominant R,, mode, resulting in a significant reduction
in total AZPE. This phenomenon is associated with the strong but non-dissociative H,—metal
coupling occurring through charge donation and back-donation between the transition metal and

H,.

1
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For Zn, Mg and Ca, out-of-plane modes (R, and T,) are stiffer than in-plane modes (R, T and

Ty); the former three largely contribute to 4ZPE and the latter, to AF. In contrast to the former

oNOYTULT D WN =

report [15], 4F(300 K) is similar, about -0.1 eV for Mg and Ca. The soft modes mainly contribute
10 to 4F, and the delocalization length of H, for this soft mode for a given DFT functional (PBE,
vdW-DF, and vdW-DF2) is considerably larger than the displacement used in the conventional
15 harmonic approximation (<0.2 A) (Figure 5). The localization length can be estimated from the

17 analytic expression of harmonic oscillator wavefunctions: the localization length within which 90%
. . o 2.09 . . . .
20 of wavefunction is involved is Lggg,(A) = 3.29 /m, where p is the effective mass in the unit

of proton mass and Aw is the energy of the harmonic oscillator. From this, for typical soft mode
25 (uhw ~ 20), the potential energy should be examined up to £1 A around the equilibrium position.
27 Figure S1 shows two ground-state vibrational wavefunctions of H, (S and Ty) adsorbed on Mg-
PIG. In this way, the vibrational energies of the softest Ty modes of Ca- and Mg-PIG are identified

32 at 10-13 meV.

The XC-related uncertainties in calculated chemical potentials can significantly deteriorate the
39 predictive power of DFT in obtaining experimentally measurable materials properties, e.g. H;
41 adsorption/desorption control pressure. The XC-related uncertainties in predicted hydrogen
43 control pressure (P,ux — Pmin) are prominent, reaching up to several orders of magnitude
46 depending on temperatures and systems. At room temperature, the XC-related uncertainty in H,
48 control pressure with real gas treatment is ~500 atm for Zn-PIG from P,,,, = 580 atm (vdW-TS)
>0 and P,,;, = 80 atm (vdW-DF2). Similarly those for Mg, Ca, V, Ti-PIG are 1300, 300, 3000, 66
53 atm, respectively, which are significantly larger than expected. Design of materials with desired

55 room temperature hydrogen adsorption/desorption control pressure requires accurate prediction of
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chemical potential. For example, to design a material enabling reversible room temperature
adsorption/desorption by controlling hydrogen partial pressure with error less than 50 % of the
desired control pressure, Py, one needs to identify a material with maximum calculation error in
Ay less than ~0.03 eV (Ap™* — Ap™" = kpTIn (%) — kgTln (%Opd) = kgTIn 3). Our analyses
involving binding energy, zero-point energy, and vibrational free energy show that the XC-related
uncertainty in chemical potential change ranges from 0.04 ~ 0.08 eV for the vdW systems and 0.18
~0.25 eV excluding LDA for the Kubas-type systems. This indicates that the desired accuracy in
computational materials design using DFT can be several times larger, depending on the systems,

than the capability current DFT XC-functionals provide, which is

quite a challenging caliber to achieve.

In summary, we used first-principles density functional theory to investigate the XC functional
dependence of hydrogen adsorption/desorption thermodynamics, using metalloporphyrin-
incorporated graphene (MPIG) as an example of the general phenomena of gas adsorption on
surfaces. Our comparative study using five different XC functionals goes beyond the comparison
of binding energies and geometric parameters, giving a full description of hydrogen
adsorption/desorption thermodynamics including vibrational free energy. Our comparative study
shows that the XC functional dependence of the thermodynamic properties of hydrogen adsorption
is considerably high - about ten times higher than that of the geometric parameters. We also find
that, using the full description of thermodynamic variables like binding energy, zero point energy,
and vibrational free energy, the XC functional dependence of the pressure is about two times larger

than that of the binding energy. Our results imply that future gas adsorption studies using DFT
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should pay special attention to the choice of the XC functional, in order to provide valid

calculations and interpretations.
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Table 1. DFT-calculated H-H bond length (dyy in A), metal-H, separation (dyy in A), and metal-

graphene separation (dyc in A) for H,-adsorbed metallo-porphyrin incorporated graphenes.

oNOYTULT D WN =

9 dyn dun duc

10 Zn Mg Ca \% Ti Zn Mg Ca \% Ti Zn Mg Ca v Ti

PBE 0.751 0.754 0.754 0.814 0.837 3.096 2507 2.704 1.836 1.864 -0.003 0.231 1455 0.789 0.844
13 LDA 0771 0.773 0.771 0.810 0.875 2459 2279 2595 1.844 1.790 0.103 0.237 1341 0.782 0.720
14 TS 0.753 0.754 0.754 0815 0.838 2.650 2.625 2.677 1.827 1.866 0.093 0.144 1.455 0.784 0.848
15 DF 0.747 0.749 0.748 0.802 0.828 2960 2.509 2.691 1.867 1.877 -0.041 0.227 1.474 0.810 0.850
DF2 0.737 0.739 0.739 0.785 0.837 2981 2.539 2685 1906 1.860 -0.058 0.216 1.547 0.928 0.843
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FIGURE 1.

The atomic structure of H, adsorbed metalloporphyrin-

incorporated graphene (M-PIG) with top view (a) and side view (b).

Light gray

(C), dark gray (M), blue (N), pink (H).
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oNOYTULT D WN =
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FIGURE 2. Exchange—correlation functional dependence of the H, adsorption—desorption P-T

phase diagram of the metal-PIGs (upper) and the chemical potential of adsorbed and free H,

(lower). Gray area represents an optimal chemical potential where upper (lower) bound

corresponds to the chemical potential of H, at 100 atm (1 atm) and 300 K.
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FIGURE 3. Decompositions of chemical potential into binding energy (4E), entropic free energy
(4Fip), and zero-point energy change (AZPE). Inset shows the linear relation between the absolute

values of BE and the confinement part and stretch part of ZPE for weak binding systems.
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FIGURE 4. Zero-point energies (ZPE) and entropic free energies (Fy;,) at 300 K, decomposed into
39 the contributions of six vibrational modes of H, on MPIGs (upper). ZPE of free H, (273 meV) is
41 plotted with black solid lines for comparison. The lower panel shows six vibrational modes of H,
43 bound in parallel to the MPIG surface and labeled S (stretching), R (hindered rotation), and T

46 (translation).

60 ACS Paragon P%% Environment



oNOYTULT D WN =

AE (meV/H,)

10

The Journal of Physical Chemistry

— PBE

— LDA

— vdW-TS

- vdW-DF
vdW-DF2

-2 -1 0 1
Displacement (A)

FIGURE 5. Potential energy surface of the Ty mode of Zn-PIG.
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