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Abstract

Catalysts with high carrier mobility, high activity, and an active basal plane have been
highly sought for hydrogen evolution reactions (HER). However, combining these
advantages into one single material is a grand challenge. Herein, using first principles
computations, we predicted that a two-dimensional (2D) Dirac nodal loop semimetal,
namely the RuB4 monolayer, is promising as a superior catalyst for HER. Our
systematic computations showed that the single layer RuB, is thermodynamically,
dynamically, mechanically, and thermally stable and presents multiple Ru and B sites

for HER on the basal plane. The estimated Gibbs free energy for hydrogen adsorption

at a Ru site is approaching zero (-8.8meV), suggesting its excellent HER performance.

The RuB4 monolayer is a Dirac nodal loop semimetal with high Fermi velocities,
which can accelerate charge transfer between catalysts and reaction intermediates.
The RuB,; monolayer is an auxetic material with an out-of-plane negative Poisson's
ratio, implying its novel mechanical property. This work provides an example of
using a Dirac nodal loop semimetal for high-performance HER catalysts, which is a

promising alternative to the known catalysts with trivial metallic properties.
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1. Introduction

Due to the increasing scarcity of fossil fuels and the severe threat of climate
change, it is urgent to develop renewable, sustainable, and environment-friendly
alternative energies to replace exhaustible resources.! Because of its high gravimetric
energy density and net-zero emissions, hydrogen (H;) is believed to be one of the
leading options for storing renewable energy.?> Water electrolysis, also known as
electrochemical water splitting, is a promising approach to sustainably producing
hydrogen,® 7 in which H,is generated by the so-called hydrogen evolution reaction
(HER) at the cathode. High-performance catalysts for HER must be employed to
maximize energy conversion efficiency.®!3So far, platinum is the best known HER
catalyst;” however, the scarcity and high cost seriously limit the large-scale
applications of Pt-based catalysts.

Two-dimensional (2D) materials have distinguished themselves as promising
high-performance HER catalysts!# due to the large surface area, a high percentage of
exposed atoms, and abundant catalytic sites. Several 2D materials, such as
graphene,!>-17 transition metal dichalcogenides (TMDs),!8-22 MXenes family,?® black
phosphorus,?* metal oxides,?> 2° have been explored so far. Despite the significant
progress, the HER activities still need improvement, and several critical issues still
need to be solved. For example, the active sites for HER are mainly located on the
edge sites of 2D TMDs, while their basal planes are inert.?”- 28 Additionally, most 2D
catalysts only display trivial metallic properties, and their carrier mobility is
significantly limited. In this context, developing 2D catalysts with active surface area

and novel electronic properties is particularly interesting.
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Recently, quantum catalysts with nontrivial band topology have shown their
promise for HER. It is recognized that the surface state or linear band dispersion at the
Fermi level guarantees high charge-carrier mobility and can boost the charge-transfer
kinetics during the catalytic process.?’ Additionally, the topologically protected
electronic states are robust against defects and impurity-caused backscattering,
facilitating reactions at their surfaces.’® So far, such materials are primarily found in
three dimensions (3D), including 3D Weyl semimetals(e.g., transition metal
monopnictides family),3! 3D Dirac semimetals (e.g., PtSny and TiSi),?> 33 and 3D
topological insulators (e.g.,Bi,Se3),3* while their 2D counterparts remain scarce.’®> To
this end, Liu and coworkers theoretically designed a 2D nodal line semimetal
Cu,CoNy sheet with a good HER activity,?® but the active catalytic sites are at the
edges, which limits the HER performance; Wang et al.successfully identified a 2D
Dirac semimetal WBy layer with HER active sites on the basal plane,’” but the
isolated Dirac points exhibit very low carrier densities around the Fermi level, leading
to very low efficiency of charge transfer during HER.

The progress mentioned above raised the following question, can we find a 2D
HER catalyst featuring both active surface sites and nontrivial band dispersion with
high carrier densities? To address this question, through systematic density functional
theory (DFT) computations, we explored the feasibility of 2D nodal loop semimetals
as HER catalysts. Note that a nodal loop semimetal generally possesses a high density
of conduction electrons at the Fermi level, thus allowing high charge-transfer kinetics

for the HER process. Our computations identified the 2D RuB, monolayer as a
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concrete example. The RuB,; monolayer shows double Dirac points in the band
structureand possesses a nodal loop centered around the I' pointin the first Brillouin
zone. The estimated Fermi velocity is as high as 4.98 x 10°M/s, which is about 57%
of that in graphene, indicating its excellent transport property. Remarkably, the RuB,4
monolayer yields active surface sites for HER, and the estimated Gibbs free energy at
Ru sites displays near-zero values (-8.8 meV), which is better than that of Pt, MoS;,
and WS,. This work demonstrates that 2D nodal loop semimetals can be a promising

platform for developing highly efficient HER catalysts.

2. Computational model and details

Our DFT computations were performed using the Vienna ab initio simulation
package (VASP),?® and the projector augmented wave (PAW)3® method was utilized
to describethe ion-electron interactions. The Perdew-Burke-Ernzerhof functional
(PBE)* within the generalized gradient approximation (GGA) was used throughout
our computations. The Hubbard correction with the value U of 3.0 eV# was
employed to deal with Ru's strongly correlated 4d orbitals.** The energy cutoff of the
plane waves was set to 400 eV. The structures were fully relaxed until the maximum
force on each atom was less than 0.005eV/A, and the energy convergence criterion in
the self-consistent calculations was set to 107 eV. The 4 X4 X 1 and 8 x 8 x 1
Monkhorst—Pack k-point grids were used for geometry optimizations and
self-consistent calculations, respectively. A vacuum slab of at least 20 A in the z

direction was adopted to avoid artificial interactions between the neighbouring layers.
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The phonon dispersion was calculated using the Phonopy code® within the density
functional perturbation theory (DFPT).** Thermal stabilities were evaluated by ab
initio molecular dynamics (AIMD) simulations. The strain is defined as € = (a—ay)/
ap, where a andapare the lattice constants at strained and strain-free states,
respectively. According to this definition, negative and positive € values indicate
compressive and tensile stress, respectively.

The total HER pathway can be written as H+e~—1/2H,.The Gibbs free energy
of hydrogen adsorption, AGy+, is the critical descriptor for hydrogen evolution,*¢ 47
which is defined as AGy+=AEy+Ezpp-TASy, where AEy, Ezpr, and ASy are the
hydrogen chemisorption energy, the reaction zero-point energy, and the entropy
change between the adsorbed state and the gas phase, respectively. As Ezpg-TASy =
0.24 eV is a well-established approximation,* we simplify the Gibbs free energy as
AGy+=AEy+0.24.
3. Results and discussion
3.1. Structures and stabilities

The RuB4 monolayer crystallizes in the Pmma space group, and the optimized
lattice parameters are a =7.809 A and b = 7.624 A with a thickness of 1.84 A. The
average Ru-B bond length is 2.17 A, and that for the B-B bond is 1.7 A. As shown in
Fig. la, the B atoms of the RuB,; monolayer form a network composed of
4-membered and 8-membered rings, and each Ru atom is octacoordinated to B atoms,

forming Ru©Bg wheel-like structural motifs.
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To characterize the bonding behavior in the structure, we calculated the electron
localization function (ELF). As shown in Fig. 1b, electrons are predominately
localized between B-B atoms. In contrast, electron localizations are absent between
B-Ru atoms, reflecting the covalent bonding states between B atoms and the ionic

bonding between B and Ru atoms.
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Fig. 1 (a) Atomic structure of the RuB, monolayer. The dashed line represents the
primitive cell. (b) The electron localization function (ELF), and (c) phonon

dispersions of the RuB, monolayer. The isosurface for ELF is 0.75 eA-.

To investigate the stabilities of the RuB,; monolayer, we first calculated its
cohesive energy based on the following equation to evaluate its thermodynamic
stability:

Econ=[E (M,B,) —xE(M)-yE(B)]/(x +y)
where x and y represent the number of atoms in the cell, E(M,B,) is the total energy of

the RuBg4layer, E(M) and E(B) are the energies of isolated Ru and B atoms,
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respectively.According to this definition, a more negative £, value indicates higher
thermodynamic stability. The calculated E.,;, for the RuB; monolayer (-7.903
eV/atom) is much lower than that of FeB, (-4.87 eV/atom),*® FeB; (-5.93 eV/atom),*
and FeBg (-5.79 eV/atom)>® monolayers, suggesting the stronger atomic interaction in
the RuB4s monolayer and its good thermodynamic stability.

To evaluate the dynamical stability, we calculated the phonon dispersion (Fig.
Ic).As no imaginary modes are available in the entire Brillouin zone, the RuB,
monolayer is dynamically stable.

Accordingto the elastic stability criteria,’! a stable 2D square lattice should satisfy
C11,C22,C66 > 0 and Cyq + Cy—2Cqp > 0, where Cjj are the elastic constants. The
calculated values (Table S17) indicate that these mechanical stability criteria are fully
satisfied.

At last, we confirmed the thermal stability of the RuB, monolayer by performing
AIMD simulations at 500 K, 1000K, and 1500 K. At the end of 5 ps simulations (Fig.
2), the framework of the RuB, sheet is well preserved at the temperature of 500 K. It
does not fracture throughout AIMD simulation up to 1500 K. The well-maintained
geometries confirm the high thermal stability of the RuB4 monolayer.

The mechanical properties of the RuB4 monolayer, including the stress-strain
relation, Young's modulus, and the lattice response subject to uniaxial strain, were
systematically explored and discussed in the electronic supplementary information

(Fig. S1-S5%). Though good mechanical properties, such as high mechanical strength
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and negative Poisson's ratio, were found in RuBy, they are excluded in the following

discussion as these are not our primary focus.
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Fig. 2 Snapshots of the RuBjequilibrium structures at the end of 5 psAIMD
simulations at (a) 500 K, (b) 1000 K, and (¢) 1500 K.
3.3 Electronic properties

To examine the electronic properties of the RuB, sheet, we first calculated the
band structure without considering the spin-orbital coupling (SOC) effect. The
valence band maximum (VBM) and the conduction band minimum (CBM) touch in
the vicinity of the Fermi level (Fig. 3a), leading to a zero bandgap. Interestingly, there
are two band crossing points along the Y-Z and I'-Y lines: Dirac point 1 (DP1) is
along the Y-Z line and 24 meV above the Fermi level; in contrast,Dirac point 2 (DP2)
is along the I'-Y line and 55 meV below the Fermi level. The analysis of the density
of states (DOS) revealed that the Dirac states are dominantly contributed by the
orbitals from Ru atoms and marginally derived from that of B atoms (Fig.
3b).According to the orbital-resolved band structures (Fig. S671), DPlis mainly

contributed by the hybridization of g, p,, p. orbitals from B atoms and p,, p., d.., d,,
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dy2_,2, d,2 orbitals from Ru atoms. In contrast, DP2 is derived from the coupling of
p- orbital of B atoms and g, p. , d,. ,d,2 orbitals from Ru atoms.

By carefully scanning the band structure in the Brillouin zone, we found that the
Dirac points are not isolated; instead,they belong to a nodal loop centered at the Y
point (Fig. 3c). This finding was confirmed by plotting the band structures from some
selected K point paths, where the Dirac points also exist along the Y-A;, Y-A,, and
Y-X lines (Fig. S77).The nodal loop is evident in the 3D band structure for the RuBy,

monolayer (Fig. 3d).
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Fig. 3(a) Band structure and (b) density of states (DOS) for the RuB4 monolayer. The
irreducible representations of some selected bands are shown in (a). (¢) The shape of
the Dirac nodal loop. Some chosen K-point paths are highlighted in red lines. The
color map indicates the local gap between two crossing bands. (d) 3D band structure

for the RuB, monolayer.
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To explore the robustness of the nodal loop, we analyzed the symmetry properties
of the low-energy bands. It is found that the nodal loop is protected by the glide
mirror symmetry M,, since the holelike band has the M, eigenvalue +i while the
electronlike band has the opposite M, eigenvalue -i (Fig. 3a). Therefore, the
electronlike band must cross the holelike band without hybridization. The resulting
loop is protected as long as the glide mirror symmetry is maintained.

The symmetry-protected nodal loop can be further confirmed by applying biaxial
strains to the RuB, sheet, as strains can preserve the structural topology and
significantly change the materials' lattice constants. Notably, the Dirac points of the
RuB4 monolayer survive within both positive and negative biaxial strains ranging
from -3% to 3% (Fig. S87).

To explore how the metal electrodes affect the band structure of RuB,, we take Ni
as an example and constructed a model of a RuB, monolayer on the Ni (1 0 0) surface.
Band structure calculations indicate the whole system displays metallic feature. The
multiple Dirac points from RuB,4 can be preserved and they shift slightly below the
Fermi level (see Fig. SO for more details).

Remarkably, the linear band dispersions in the vicinity of the Fermi level indicate
that charge carriers in these bands behave as a small mass of Dirac fermions.’> To
examine the carrier mobility of the RuB, monolayer, we evaluated the Fermi velocity
(vp) by linearly fitting the first derivatives of the bands near the Dirac points.
Specifically, the expression is vg= dE/(hdk), where 0E/0dk is the slope of the

linear dispersions and # is the reduced Planck's constant. The calculated maximum
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velocities for the RuB, monolayer are 4.32 x 10°M/sand 4.98 x 10°M/s,
respectively, for DP1 and DP2, which are about 33% - 57% of that in graphene
(1.1 x 10°m/s)%3, but larger than many other 2D materials such as single-layer
Be;C,,>*  TiB,,* and P6/mmm boron sheet.’® Furthermore, we found that the band
structure with SOC displays a small gap opening of 29.4 meV for DP1 and 3.7
meVfor DP2 (Fig. S107). These values for RuB, monolayer are comparable to that in
TiB, crystal (22 - 33 meV),’” but much smaller than those of CaAgAs (~73 meV)*®
and ZrSiTe (~73 meV)>, implying the weak SOC effect in RuB,.

In general, the symmetry-protected nodal loop and high Fermi velocity endow the
RuB, sheet with excellent transport properties, which inspired us to investigate its
potential application as catalysts for hydrogen evolution reactions.

3.4 Hydrogen evolution reaction catalyzed by the RuB4 monolayer

For the H adsorption process, we built the model by adsorbing one H atom on the
surface of the unit cell of the RuB4sheet and tested different Ru and B sites. It is found
that both B and Ru sites are active for HER. Specifically, the calculated AGy+ at the B
site is -0.12 eV, while that at the metal Ru site has a near-zero AGg= value of -0.0088
eV, suggesting the excellent HER performance at these Ru sites.

We calculated the charge density difference for an H atom on top of the Ru site to
trace the charge transfer during HER. As shown in Fig. 4a, charge accumulation
occurs at the bridge site between Ru and H atoms. Quantitatively, Bader charge

analysis reveals that the adsorbed H atom has received 0.25¢ from the nearest Ru

12
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atom. These results indicate that the H atom can capture

catalytic surface to form H,, thus facilitating the electrocata

The AGy- for the RuBy sheet is significantly lower than those in typical 3D Weyl

topological catalysts, including NbP, TaAs, and NbAs,’? a

such as the Cu,C,;Ny sheet.3® To compare the performance of the RuB4 monolayer

with other typical HER catalysts, we plotted the volcano curve (Fig.4b). The AGy+ for

the RuB, monolayer is located at the top of the volcano

basal plane of RuBy is highly active, its performance is even better than that of Pt

(AGy+=-0.09 eV).

a sizable charge from the

lytic process.

nd 2D nodal line catalysts

curve, indicating that the
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Fig. 4 (a) Gibbs free energy diagram of the HER at different sites of the RuB,
monolayer at equilibrium potential. Inset: The electron depletion (green) and
accumulation (yellow) during the H adsorption. The isosurface is set to be 0.02 eA-3.

(b) Volcano plot for the HER of the RuB, sheet in comparison with various reference

materials.
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Next, we explored the interplay between the strain effect and the HER
performance of the RuB4 monolayer. Fig. 5a-b show the relevant variation of free
energies of hydrogen adsorption under uniaxial strain. For the B sites, the tensile
strain drives AGy+ toward a more negative value, which could reduce the catalytic
performance. Differently, applying a slight compressive strain would induce AGyx
shifting toward thermoneutrality, and the strain at -2% can maximally enhance the
HER performance of the B sites (AGy+=-98 meV); however, when the sheet is further
compressed (& < -3%), the value of AGy+ turns out to be decreasing. For the Ru sites,
AGy-+ rises monotonically with increasing strain. Significantly, when a positive strain
of 2% is applied, the AGy+ value can be modified to-0.81meV, which is expected to
be one of the best values of AGy+ reported so far.32 43 60-63 Note that even when the
material is stretched by 4%, the AGy= value is still close to zero (5.6 meV). Thus,
compared with the B sites, the Ru sites in the RuB, sheet have much higher HER

activity, which can also be well maintained under external strains.

14

Page 14 of 22



Page 15 of 22

Journal of Materials Chemistry A

(a)-0.08
B site
-98 meV
_-0.10F 2
>
2,
>
3015} /
@
c
L
8020}
[T
_0_25 1 1 1 1 1
-0.04 -0.02 0.00 0.02 0.04
Strain
(b) 0.05 ——
Ru site
S 000t 9
= -0.81 meV
o
g
w 15}
P -0.05+ 3%
o 10t
('
5
_010 1 1 1 1 1 D *
-0.04 -0.02 0.00 0.02 0.04 -08 -04 00 04 038

Strain Energy (eV)
Fig. 5 The calculated Gibbs free energy of hydrogen adsorption (AGy+) on the (a) Ru
and (b)B sites under strain effect (the adsorption on the Ru site is given in red, while
that on the B site is given in blue. (c¢) The projected density of states for the d orbital
of Ru in the strained conditions. The vertical dashed line corresponds to the location
of the 2% strained state, which has the highest catalytic activity. Black arrows mark

the d-band centers. The energy at the Fermi level was set to zero.

To explore the origin of the superior HER activity in the RuB, sheet, we studied
the evolution of the d-band centre with the change of strain.When the d-band center is
closer to the Fermi level, the resultant anti-bonding orbital increases energy, and its
occupancy reduces, corresponding to a more robust H* adsorption.®* Conversely,
when the d-band center is far from the Fermi level, the H* adsorption becomes weak.
On the strain-free RuB,, the AGysvalue on the Ru site is slightly negative (-8.8 meV),

which indicates that the HER performance could be further improved if the d-band
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center moves away from the Fermi level. The desired d-band center shifting (away
from the Fermi level) can be achieved by exerting positive (tensile) strain (Fig. 5c):
the strain at +2% can maximally enhance the HER activity. When the material is
further stretched (¢ = +3%), the reduced value of the d-band center triggers a weaker
interaction between Ru and H, and the AGy+ for RuB, becomes slightly positive, as
illustrated in Fig. 5b. In short, tuning d-band center can effectively modulate the
adsorption/desorption of H and HER activity.

We then explored the hydrogen coverage (o) effect on the HER catalytic
performance. A unit cell of the RuB4 monolayer containing four Ru and 16 B atoms
was used in our studies. One H* adsorption on the basal plane of the layer
corresponds to 1/20 coverage, and one to four hydrogen atoms adsorbed on the Ru
sites were considered, corresponding to the hydrogen coverage of 1/20 to 4/20.The
specific atomic adsorption sites are shown in Fig. S12 in ESI.As shown in Fig. 6a, the
variation of AGy+ (on the Ru sites) with increasing H coverage is evident. Still, the
AGy+ values fluctuate from -0.11 eV to 0.11 eV, indicating that the high HER

acclivity of the RuBysheet is robust against H coverage.
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Fig. 6 (a) Gibbs free energy of H adsorption (AGy+) on the Ru site of the RuB,
monolayer at different hydrogen coverage (o). (b) Surface Pourbaix diagram for the

RuB, monolayer.

Lastly, to evaluate the stability of the RuB,; monolayer in an aqueous
electrochemical environment, we plotted its surface Pourbaix diagram (Fig. 6b) at the
equilibrium.% The specific calculation details are presented in equations S1-S9 in the
ESI. In an acidic solution at pH = 0, the RuB, sheet can be protected from oxidation
by water when the Ugyg value is below 1.08 V. As the pH increases, lower potential
energies are required to avoid oxidation with a slope of -0.059 V pH-l. When the
potential is more positive than the cathodic protection potential of the RuBy
monolayer (e.g., Usyg =1.08 V at pH=0), the RuB, sheet is oxidized and adsorbed by
OH* (Fig. S137). At even higher potentials, the OH* on RuB, can be further oxidized,
forming the O*-covered RuBj, sheet (e.g., Usyg =1.76 V at pH=0). Clearly, under
standard conditions (Usye=0), the bare RuB, sheet has good oxidation resistance, and
the structure shows relatively high stability in the aqueous electrochemical
environment, which is better than many other 2D catalysts, such as the MXene
family>> and WBysheet whose Ugyp displays negative values under the same

conditions.?’
4. Conclusions

In summary, we theoretically established that a 2D Dirac nodal loop semimetal,
the RuB, monolayer, is a promising catalyst for enhanced HER performance. We
found the RuB, monolayer exhibits superior stability, and its symmetry-protected
nodal loop is robust against external strains. Especially, its basal plane, where the

nodal loop presents, features rich HER active sites with a near-zero AGy+ value (-8.8
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meV). Moreover, the 2D Dirac nodal loop quantum catalyst can provide high carrier
densities with a stable supply of itinerant electrons at the active sites. All these unique
characteristics endow the RuB4 monolayer with great promise as a high-efficiency
HER catalyst. Beyond identifying a new 2D HER catalyst, this work offers an
innovative route to design catalysts by using the concept of Dirac nodal loop
semimetals, which can be extended to many more nanomaterials and important

electrocatalysts.
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