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Topological quantum catalyst: Dirac nodal line states
and a potential electrocatalyst of hydrogen evolution

in the TiSi family

Jiangxu Li'", Hui Ma"*', Qing Xie'’, Shaobo Feng', Sami Ullah"’, Ronghan Li', Junhua Dong’,

Dianzhong Li', Yiyi Li' and Xing-Qiu Chen"

ABSTRACT Topological nodal line (DNL) semimetals, a
closed loop of the inverted bands in its bulk phases, result in
the almost flat drumhead-like non-trivial surface states
(DNSSs) with an unusually high electronic density near the
Fermi level. High catalytic active sites generally associated
with high electronic densities around the Fermi level, high
carrier mobility and a close-to-zero free energy of the ad-
sorbed state of hydrogen (AGy.=~0) are prerequisite to design
alternative of precious platinum for catalyzing electro-
chemical hydrogen production from water. By combining
these two aspects, it is natural to consider if the DNLs are a
good candidate for the hydrogen evolution reaction (HER) or
not because its DNSSs provide a robust platform to activate
chemical reactions. Here, through first-principles calculations
we reported a new DNL TiSi-type family, exhibiting a closed
Dirac nodal line due to the linear band crossings in k,=0 plane.
The hydrogen adsorbed state on the surface yields AGy- to be
almost zero and the topological charge carries participate in
HER. The results highlight a new routine to design topological
quantum catalyst utilizing the topological DNL-induced sur-
face bands as active sites, rather than edge sites-, vacancy-,
dopant-, strain-, or heterostructure-created active sites.

Keywords: topological Dirac nodal line, semimetals, hydrogen
evolution, catalyst

Topological semimetals [1], which have been classified
into topological Dirac semimetals (TDs) [2-9], topologi-
cal Weyl semimetals (TWs) [10-22], topological nodal
line semimetals (DNLs) [23-38] and beyond [39], have
been currently attracting extensively interest in con-

densed matter physics and materials science. Different
from TDs and TWs which exhibit isolated Dirac cones
and Weyl nodes, DNLs [23-38] show a closed line near
the Fermi level in their bulk phase. The projection of
DNLs onto a certain surface would result in a closed ring
in which the topologically quasi-flat drumhead-like non-
trivial surface states (DNSSs) occur due to the non-trivial
topological property of its bulk phase. This kind of exotic
band structures exhibit various novel properties, such as
giant surface Friedel oscillation in beryllium [27], flat
Landau level [40] and long-range Coulomb interaction
[41]. Recently, only DNL-induced DNSSs have been di-
rectly confirmed in beryllium [27] and DNLs have been,
partially or indirectly, observed in several bulk materials,
such as PtSn, [42], TlTaSe, [43], PbTaSe, [44] and ZrSiS
[45-47] as well as Cu,Si monolayer [48].

Topologically protected surface states in gold-covered
Bi,Se; topological insulators were theoretically suggested
to serve as an effective electron path in the case of the CO
oxidation [49]. Most recently, TWs (NbP, TaP, NbAs and
TaAs) have been considered as excellent candidates of
catalysts for hydrogen evolution reaction (HER) [50].
This key concept of TWs as catalysts was pioneered by
topological surface states which provide an alternative
way to create active sites, rather than by traditionally
increasing the active edge sites or vacancies [51-60]. The
possible bottleneck of TWs as electrocatalyst is their lower
carrier density around Fermi level (Fig. la), because
electrostatic screening strength in TWs is much weaker
than that in the normal metals (e.g., Pt). DNL semimetal
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Figure 1 Schematics of momentum space diagrams and density of
states (DOSs) of TWs and DNLs. (a) A pair of Weyl nodes in bulk (left
lower panel) and broken Fermi arc surface states (left upper panel) on
the surface and their corresponding DOSs (right panels); (b) a DNL in
bulk (left lower panel) and the nearly flat drumhead-like non-trivial
surface states on the surface (left upper panel) and their corresponding
DOSs (right panels).

shows two distinguishing features from both TDs and
TWs [50]. In bulk phase, a DNL results in a certain
carrier density around Fermi level (Fig. 1b) and its DNSSs
provide an unusually high electronic density around the
Fermi level (Fig. 1b), as seen in metal beryllium [27].
Besides these advantages, similar to TDs and TWs, the
DNL-induced surface states provide sufficient active
planes (Fig. 1b) and the carrier mobility is, in principle,
high, because the DNLs are formed by the continuous
linear crossings of energy bands around Fermi level (Fig.
1b). Therefore, DNLs would be a better electrocatalyst for
the HER due to three combined advantages: (i) topolo-
gical DNL-induced DNSSs as robust active sites, (ii) high
mobility and (iii) a certain carrier density around Fermi
level. In addition, the crucial thermodynamic indicator as
good electrocatalyst [51-64], the free energy of the ad-
sorbed state (AGy+), should be close to zero.

Within this context, through first-principles calcula-
tions (Methods, [62]) we report a new DNL family of the
TiSi-type materials MX (M = Ti, Zr, Hf; X = Si, Ge, Sn).
The DNL exists in k,=0 plane of the bulk Brillouin zone
(BZ) and induces the DNSSs, thereby resulting in a highly
localized electronic density around Fermi level on the
(010) surface. Interestingly, on the (010) surfaces of TiSi,
the hydrogen adsorption free energies AGy+ are almost
zero, much closer to zero than those values of all known
catalysts for the HER [53-55, 61-64] including the most
extensively used precious platinum (Pt).

TiSi crystallizes in orthorhombic lattice (Fig. 2a) with
the space group of Pnma (No. 62). The optimized lattice
constants are a=6.529 A, b=3.645 A and ¢=5.004 A, in
good accordance with the previous experimental data
[66-69] (Table S1). Si occupies the Wyckoft 4c site
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Figure 2 Crystal structure, Brillouin zone (BZ) and phonon dispersion
of TiSi. (a) The orthorhombic lattice with the space group of Pnma, (b)
the BZ and high symmetrical k-points of the lattice and the shaded
region indicates the corresponding position of the Dirac nodal line at the
k,=0 plane, and (c) the DFT-derived phonon dispersion.

(0.0362, 0.2500, 0.1103) and Ti is at another Wyckoff 4c
site (0.1820, 0.2500, 0.6250). Additionally, the derived
phonon dispersion does not show imaginary part of fre-
quency and is dynamically stable (Fig. 2b).

To elucidate the unusual electronic properties of TiSi,
we have compiled its electronic band structures in Fig. 3a,
where the bands near the Fermi energy are without spin-
orbit coupling (SOC) inclusion. There are two quasi-
linear band crossing points, A and B, as marked in Fig. 3a.
Point A is located at 0.1 eV above Fermi level in X-I'
direction and B lies about 0.18 eV below Fermi level
along I'-Z direction, which are physically induced by the
band inversion. At I' point, the center of BZ, the d,,—d
band inversion (Fig. S1 [65]) occurs between the two
bands No. 1 and 2, as marked in Fig. 3a. Strikingly, these
two bands not only cross at these two points, but also at a
circle-like closed line around I' point in the k,=0 plane
(Fig. 3d), which is the apparent signature to DNL. The
band crossing between No. 1 and 2 bands does not occur
at the same energy level, but show a wave-like closed
curve upon the k vectors around I. This robust DNL
stability is protected by the inversion and time-reversal
symmetry without SOC effect. Because of light mass of Ti
and Si, their SOC effect is rather weak; therefore, it does
not apparently affect the electronic band structures (Fig.
S2) and the density of state (Fig. S3). Furthermore, the
non-trivial topology order of TiSi is confirmed by the
non-Abelian Berry connection method [71-73], as shown
in Fig. 3b, c. In k=0 plane, the evolution loop of the
Wannier center changes partners from k,=0 to m. How-
ever, no partner changes in k,=n plane. Hence, the evo-
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Figure 3 Electronic band structure and the evolution of Wannier cen-
ters of TiSi. (a) Calculated electronic band structure without the spin-
orbit coupling (SOC) inclusion. In (a), the hollow circles denote the
weight of Ti d,.-like states and the solid squares show the weight of the
Ti da-like states, (b, ¢) the evolution of Wannier centers along the k,
direction. The evolution lines cross the reference line (dotted red line)
odd and even times in the k,=0 and planes, respectively. k, and k, are in
the directions, as given in Fig. 2b. (d-f) The Dirac nodal lines in the k,=0
plane of TiSi, TiGe and TiSn, respectively. The upper and lower panels
denote their three-dimensional visualizations and their corresponding
two-dimensional projections on the (010) plane, respectively.

lution loop of the Wannier center cuts the reference line
in odd times in k,=0 plane, whereas it cross the reference
line in even times in k,=m plane.

We have also considered the isoelectronic and iso-
structural TiGe, TiSn, HfSi, HfGe, HfSn, ZrSi, ZrGe and
ZrSn. As shown in Table S1 and Figs. S1-S7 [65], TiGe
(Fig. 3e) and TiSn (Fig. 3f) have similar electronic band
structures to TiSi. However, due to heavy atomic mass
with large SOC effect, the DNLs in the remaining com-
pounds are broken into topological insulators.

We calculated the electronic structures of the (010)
surface by varying the thickness of slabs (Fig. S8 [65]) to
examine the topological surface bands for TiSi. As ex-
pected, the robust DNL-induced DNSSs (topological SF-
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Figure 4 (a, b) Surface electronic structures on the 50-atomic-layer
(010)-I surface without and with the hydrogen adsorption, respectively.
The topologically protected DNSSs are marked as the SF-band 1 around
I' and the trivial surface bands are marked as the SF-band 2 along I'-X.
(c) The comparison of the densities of states (DOSs) between the bulk
phase and the top layer of the (010) surface of TiSi.

band 1 in Fig. 4a) appear when the slab’s thickness is over
eight atomic layers along the b-axis. From Fig. 4a, outside
the Dirac nodal ring, the two-fold degenerated topologi-
cal SF-band 1 is clearly separated: one goes to the un-
occupied conduction bands integrating with the
projection of the electronic bands of bulk phase and the
other one emerges into the valence bands overlapping
with the projected bulk bands. In other words, these se-
parated surface bands outside the projected Dirac nodal
ring are topologically trivial and not correlated with the
bulk DNL states. They mainly originate from the Ti d,.-,
d,,- and d_,-like states, which means that the topological
DNSSs (SF-band 1) only exist within the DNL-projected
nodal ring on the (010) surface. The topologically pro-
tected SF-band 1 around I point is mainly comprised of
the d,, and d.-like electronic states from the topmost
atomic layer, reflecting well the d,,—d> band inversion in
bulk phase (Fig. 3a). The SF-band 1 is two-fold de-
generated and half-filled when the surface is electrically
neutral, similar to the case of Be [27]. In addition, due to
the DNSSs, the state density at Fermi level of the topmost
atomic layer (Ti+Si) of the (010) surface is substantially
larger by over 200% than that of its bulk phase (Fig. 4c).
This fact can be reflected well by the DOS peak at the
Fermi level at the surface, whereas the Fermi level is lo-
cated at the deep pseudogap in bulk phase.

Importantly, these features of DNLs in TiSi motivate us
to consider their electrocatalytic activity at (010) plane, as
conceptually shown in Fig. 5a. In particular, the DNSSs
(SF-band 1 in Fig. 4a) at (010) surface suggest the pos-
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Figure 5 The effects of the topological DNLs on the HER activity of TiSi. (a) Schematic of the HER reaction of the DNL-induced DNSSs to provide
active plane. (b) The visualized localized charges of the topological states on the (010)-I surface. The charges are characteristic of d,.-like orbitals from
the topmost Ti atoms. (c, d) The visualized localized charge accumulations of hydrogen and charge depletion surrounding Ti atom on the (010)-I
surface, respectively. (e) Calculated free energy diagram for hydrogen evolution at a potential U = 0 relative to the standard hydrogen electrode at pH
= 0. The free energy of H" + e is by definition the same as that of 1/2 H, at standard condition of equilibrium (Methods [62]). The data of MoS,
(—0.08 eV for the edge states) and Pt (—0.09 eV) are taken from Ref. [52]. (f) Volcano plot for the HER of TiSi in comparison with various pure metals
(the experimental data [61] of Pt, Pd, Ni, Ir, Co, Rh, Ag, Cu, Mo and W), TWs (the calculated data [50] of NbP, TaP, NbAs and TaAs), and other
candidates (the theoretical data [50] of TaS,(2H), MoTe,(1T°), MoTe,(Td), and TaS,(1T)).

sibility of robust active planes for catalysis beyond defects,
impurities and other surface modifications. Following the
theoretical methods (see method [65] and as suggested in
Refs. [51-64]) we evaluate the HER activity of (010), (01
—1), (001) and (—310) surfaces of TiSi. At each surface,
the free energy (AGy) of the adsorbed state of hydrogen
was determined by varying different adsorption sites and
the slab thickness (Fig. S9 and Table S2 [65]). Further-
more, we have plotted the Volcano curves for comparing
HER performance of TiSi with previous reports in Fig. 5f.
Remarkably, the (010) surface of TiSi exhibits a AGy-
closer to zero, at the top of the Volcano curve, than that
of Pt (—0.09 eV) [52], the edge states (0.082 eV) [52] of
MoS, and a series of other noble metals as well as four
known TWs (NbP, TaP, NbAs and TaAs) [50]. These
facts demonstrate that the HER activity on the (010)
surface of TiSi is highly attractive, attributed to its to-
pologically protected DNSSs. The calculations reveal that,

26 © Science China Press and Springer-Verlag GmbH Germany 2017

after the hydrogen adsorption on (010) surface, the to-
pological SF-band 1 (Fig. 4b) becomes unoccupied above
the Fermi level and, meanwhile, the hydrogen atom ob-
tains the charges and is dispersed in deep energy region
below Fermi level. This process can be made clearer by
visualizing the localized charges in Fig. 5b-d. On the
clean (010) surface, the charges of the topological SF-
band 1 are localized at two nearest neighboring Ti atoms
with the d,, orbitals (Fig. 5b). After the hydrogen ad-
sorption, the topological charges are transferred to the
hydrogen. As evidenced in Fig. 5¢, a lone-pair s-like or-
bital appears as a result of the charge accumulations. The
charge depletion of the two nearest neighboring Ti atoms
are highly visualized in Fig. 5d, which also refers to the
position of the localized topological charges on the H-free
adsorption (010) surface in Fig. 5b, indicating that the
topological carriers on the SF-band 1 states are fully
transferred into hydrogen s-like orbitals.

January 2018 | Vol.61 No.1
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