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An external switch to control the kinetics of the reaction by manipulating the participating electrons could be interesting as it can
alter the rate of the reaction without aﬀecting the reaction
pathway. The magnetic ﬁeld, like a switch, is non-invasive, tunable,
and clean; it can also alter the electrons in a material. We study the
eﬀect of an applied magnetic ﬁeld on the hydrogen evolution
activity of the NbP family of Weyl semimetals because of their
extremely high mobility and large magnetoresistance at room
temperature and good hydrogen evolution properties. We ﬁnd that
by applying a magnetic ﬁeld of ∼3500 G, the hydrogen evolution
activity of NbP increases by up to 95%. The other members of this
Weyl semimetal family (viz. TaP, NbAs, and TaAs) also exhibit
increased hydrogen evolution activity. Thus, our observations
suggest an interplay of electronic property, magnetic ﬁeld, and
catalytic activity in this class of compounds, providing evidence of
manipulating the catalytic performance of topological materials
through the application of a magnetic ﬁeld.

Heterogeneous catalytic reactions such as hydrogen evolution
are associated with the surface electronic states or surface
atomic termination of catalysts.1,2 Catalysts with high carrier
mobility and low hydrogen binding energy are desirable. For
instance, two diﬀerent polymorphs of molybdenum disulfide,
namely semiconducting 2H-MoS2 and metallic 1T-MoS2,
exhibit contrasting hydrogen evolution properties. The 1Tform has better conductivity which leads to a considerable
hydrogen evolution reaction (HER) activity.3–5 In general, 2Dstructures with high in-plane conductivity and exposed surface
exhibit excellent catalytic activity.6,7 They also provide templates to grow other materials, which further enhances the
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overall activity of catalysts.8,9 For example, the importance of
the mobility of electrons in hydrogen evolution catalysts had
also been proved earlier by using graphene as a medium for
eﬃcient transport of charge carriers, wherein linearly dispersing bands near the Dirac points of graphene are the source of
the high mobility of charge carriers.10,11 Topological materials,
such as topological insulators, Weyl semimetals or nodal line
semimetals, are robust against surface modifications and
defects derived from dangling bonds, vacancies, or doping
which otherwise destroy surface states.12–15 Topological
surface states (TSSs) are a result of the inversion of bulk
bands, with the electron spin locked up with its momentum at
the crystal surface in the presence of large spin–orbit coupling.
Resultantly, backscattering is notably suppressed which otherwise dominates in materials that are constantly associated
with surface defects to some extent.16 Topological materials
are therefore good candidates as catalysts because they possess
high conductivity, topologically protected surface states, and
suitable carrier concentration around the Fermi level.12,13
Furthermore, owing to their rich and exotic physical properties, they provide a model platform to explore the interplay
among surface states, electron transfer, and surface catalytic
reactions.12,17
It is now accepted that even an electron can act as a
catalyst.18,19 Hence, altering the rate of a chemical reaction by
manipulating the electrons on the catalyst surface would be an
exciting way to control the kinetics of that reaction. Weyl semimetals are newly discovered quantum materials wherein the
linearly dispersing bulk bands cross at Weyl points with finite
chirality, with the total number of the positive chirality Weyl
points being equal to that of the negative chirality.14 The discovery of Weyl semimetals has provided an ideal platform to
test many previously unknown catalysts. The primary advantage of using Weyl semimetals as catalysts is their inherent
property of very high charge mobility due to the linear crossing
of bands at the Weyl points;14 besides, they contain special
surface states that cannot be destroyed by breaking or scratching the surface because these states directly originate from the
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bulk electronic property.20 Furthermore, Weyl semimetals
exhibit many other unique properties, including chiral
anomaly and photogalvanic eﬀect, owing to the inherent chirality of their electrons.12,21,22 Moreover, they show a strong
response to an applied magnetic field, which is manifested as
large magnetoresistance (MR) and magnetic-field-induced
metal–insulator-like transition.23,24 In general, the abovementioned eﬀects in Weyl semimetals have been observed at
very low temperatures; however, in the case of the NbP
family of Weyl semimetals, the considerably large MR eﬀect
and high electron mobility can be observed even at room
temperature.21,23,25,26 Thus, studying the eﬀect of an applied
magnetic field on catalysis using this class of compounds is of
great implication as we can observe the eﬀect of change in
electronic properties on the chemical reaction.
The hydrogen evolution reaction (HER) would be an ideal
model catalytic reaction to study as it involves few intermediate
steps and one product that is easy to monitor over the course
of the reaction. Meanwhile, Weyl semimetals cannot perform
self-sensitized hydrogen evolution. Therefore, Eosin Y assisted
dye-sensitized photochemical hydrogen evolution was performed using NbP, TaP, NbAs, TaAs, and MoS2 as catalysts. In
the presence of light, EY gets actuated to the excited singlet
state EY1* followed by an inter-system crossing to the low-lying
triplet state EY3*. Then, EY3* receives an electron from TEOA,
transforming into a reducing species EY−, which then yields
an electron to the catalyst surface where the HER takes place
(Fig. 1).3,4 The role of the catalyst here is to accept the electron
from the dye and transfer it to water for reduction. The rate of
reaction is dependent on the electronic properties and the
hydrogen binding energy of the catalyst. Since catalysts act as a
channel for electrons from dye to water, the catalytic properties
can be tuned by perturbing the electronic properties via an
external field such as a magnetic field. Furthermore, we have
performed a number of control experiments to conclude that

Fig. 1 Illustration of the photocatalytic hydrogen evolution process in
the presence of Eosin Y (EY). The electron is transferred to the catalyst
from the dye via a series of steps. The electron that is injected on the
surface of the catalysts participates in the hydrogen evolution reaction.
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the catalysts are hydrogen evolution sites and no other processes contribute to the HER (Table S1†).
Weyl semimetals can exhibit metallic conductivity along
with considerably high electron mobility. Powdered forms of
the single crystals of the compounds NbP, TaP, NbAs, and
TaAs were characterized using X-ray powder diﬀraction and
indexed (Fig. S1†). We first show the electronic properties of
Weyl semimetal NbP and related compounds (TaP, NbAs, and
TaAs) at room temperature. The transport properties of the
single crystals of these compounds have recently been investigated in detail at cryogenic temperatures; however, in this
study, we focus on properties relevant to our HER study at
room temperature. The electron mobilities, resistivities, and
MRs of the Weyl semimetals considered in our study at room
temperature are listed in Table 1.
All the compounds exhibit metallic conductivity, i.e., their
resistivities decrease with decreasing temperature. As previously indicated, an important feature of these compounds is
their large MR even at room temperature; MR is defined as the
percentage increase in the resistivity of a material upon the
application of a magnetic field. Fig. 2a shows the plot of MR
as a function of an applied magnetic field. It is clear from the
figure that the Weyl semimetal compounds considered in our
study have a large MR value of 125–300% at room temperature,
which is orders of magnitude higher than noble metals. Even
at a low field of 0.5 T, the magnetoresistance is around 2–5%
for these materials. Along with high mobility and large MR at
room temperature, they also possess low hydrogen binding
energy which would facilitate the rate of the reaction (Fig. 2b).
Furthermore, photochemical hydrogen evolution with these

Table 1 Mobility, resistivity, and MR of Weyl semimetal catalysts considered in our study at room temperature

Catalyst

Mobility (cm2 V−1 s−1)

Resistivity (10−5 Ω cm)

MR (%)

NbP
TaP
NbAs
TaAs

275
849
258
385

6.30
2.53
5.07
4.75

253
279
250
129

Fig. 2 (a). Magnetoresistance (MR) of Weyl semimetals NbP, TaP, NbAs,
and TaAs at room temperature and 0.6 T magnetic ﬁeld. The inset shows
the MR of Weyl semimetals at room temperature till 9 T. (b) Calculated
free energy for the hydrogen evolution reaction relative to the standard
hydrogen electrode at pH 0 for Weyl semimetals and MoS2. The values
of Weyl semimetals and MoS2 are taken from ref. 27 and 28 respectively.
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materials previously studied show high HER activity due to
metallic conductivity and high electron mobility.27 Hence,
NbP, TaP, NbAs, and TaAs are ideal candidates for observing
the eﬀect of an applied magnetic field on their catalytic hydrogen evolution activity.
Single crystals of the Weyl semimetals (NbP, TaP, NbAs, and
TaAs) were powdered and characterized before conducting the
hydrogen evolution studies. The particles are in the range of a
few microns as inferred from FESEM images (Fig. S2†). The
hydrogen evolution activity of these catalysts is recorded over
the period and compared with MoS2, a diamagnetic semiconductor, and a well-known hydrogen evolution catalyst (the
XRD and SEM images of MoS2 are shown in Fig. S1b and S4c†,
respectively). In the case of MoS2, the total amount of hydrogen gas evolved in 3 h was 652 µmol g−1 and when a magnetic
field is applied, there was a negligible change in the HER
activity, with a yield of only 654 µmol g−1 in 3 h (Fig. 3a). We
use the same reaction mixture in the cases with and without
the magnet, and the only diﬀerence is the additional injection
of the dye in the case with the magnet. Furthermore, to rule
out the possibility that the additional dye added in the case of
the second reaction is contributing to the HER activity
enhancement using NbP, we reverse the order of our HER reactions, i.e., first, we perform the experiment with the magnet
for 3 h, after which we remove the magnet and conduct the
experiment again for 3 h. Upon removing the magnet, we
observe an 88% decrease in the HER activity with NbP (Fig. 3b
and c). When the field is applied later, the increment is 95%
for the sample. Furthermore, to avoid any inconsistency, we
performed all measurements for a particular sample on the
same day at a constant temperature while keeping the location
of the reaction vessel and lamp fixed throughout the experi-

Fig. 3 (a) Comparative hydrogen evolution for MoS2 over the period of
time in the presence of the magnetic ﬁeld (m) and absence. Normalized
hydrogen evolution of NbP with (m) and without magnetic ﬁeld for
cases (b) magnetic ﬁeld applied ﬁrst, (c) magnetic ﬁeld applied later. (d)
The comparison of the increment in the magnetic ﬁeld for Weyl semimetals and MoS2. The hydrogen evolution graphs over the period are
shown in Fig. S3.† The applied magnetic ﬁeld is 3500 G. The same part
of the crystal was used for the studies.
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ment. The amount of hydrogen gas evolved for Weyl semimetals in 3 h is 333, 64, 88, and 81 µmol g−1 for NbP, TaP, NbAs,
and TaAs without the magnetic field, respectively, whereas it
increased to 652, 113, 98 and 110 µmol g−1 (Fig. S2a–d†) with
the application of the magnetic field, which corresponds to an
increase of 95, 77.4, 11.3, and 36.5%, respectively (Fig. 3d). We
had checked the stability of the compounds after hydrogen
evolution before and after exposure to the magnetic field for
both MoS2 and NbP. We find no change in their morphology
and chemical composition, indicating that the variation in the
rate of the reaction is due to the manipulation of the electronic
properties of the material by the magnet (Fig. S4†).
Furthermore, the hydrogen evolution reaction is a complex
process involving multiple steps and interplay between electronic surface states, electron transfer, and surface mass transfer reactions on the surface. The enhancement in the HER
activity of the Weyl semimetals by the magnetic field shows
that we can alter the rate of a chemical reaction by manipulating the participating electrons.
Based on our observations, it is clear that a magnetic field
aﬀects the HER activity when diamagnetic Weyl semimetals
are used as catalysts; this eﬀect is of interest considering that
nonmagnetic materials were used for these experiments.
Nevertheless, our results are consistent with the idea that the
electronic properties of Weyl semimetals can be manipulated
using a magnetic field. In this regard, nonmagnetic Weyl semimetals have earlier been shown to exhibit a negative MR
induced by electron transport between two Weyl nodes of
opposite chirality even at room temperature.29 Electrons in
metals, including topological Weyl semimetals, get localized
upon the application of a magnetic field, which can also be
understood in terms of the circular motion of electrons in a
plane perpendicular to the direction of the applied magnetic
field (Fig. 4).

Fig. 4 The electron is transferred to the catalyst from the dye via a
series of steps. The electron that is injected on the surface of the catalysts participates in the hydrogen evolution reaction. The movement of
electrons in the (a) absence and (b) presence of a magnetic ﬁeld. The
electron in the magnetic ﬁeld gets localized and moves in a circular
pattern, while in the absence of the ﬁeld the direction of ﬂow is random.
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The high mobility of electrons in Weyl semimetals ensures
that such motion can persist for a considerable time before
they are scattered (i.e., long scattering time). These states are
expected to be readily available for catalytic processes, leading
to an increase in the HER activity under a magnetic field.
However, further understanding of the mechanism of catalytic
activity under a magnetic field and the manner in which it is
related to the Berry curvature of topological Weyl semimetals
are important topics for future research.

Conclusions
We observed a large enhancement in the hydrogen evolution
catalytic activity of nonmagnetic Weyl semimetals of the NbP
family upon the application of a magnetic field. The magnetic
field almost doubled the HER activity of NbP; in addition, significant increases in the HER activity were also noted for other
catalysts of this family. Such large variations in the catalytic
activity of these semimetals indicate a drastic evolution of the
bulk and surface electronic properties upon the application of
a magnetic field, which is also reflected as a large MR eﬀect at
room temperature. The slight application of a magnetic field
can alter the rate of the reaction significantly. It would be
interesting to study the eﬀect on catalysis by varying the magnetic field and understanding the exact mechanism via in situ
experiments. Manipulation of electronic properties of catalysts
may serve as an alternative route to change the rate of the reaction without aﬀecting the reaction pathway which can be
further explored for other chemical reactions.
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