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Two-dimensional electride Ca;N has strong electron transfer ability and low work function, which is a po-
tential candidate for hydrogen evolution reaction (HER) catalyst. In this work, based on density functional
theory calculations, we adopt two strategies to improve the HER catalytic activity of Ca;N monolayer: in-
troducing Ca or N vacancy and doping transition metal atoms (TM, refers to Ti, V, Cr, Mn, Fe, Zr, Nb,
Mo, Ru, Hf, Ta and W). Interestingly, the Gibbs free energy AGy, of Ca;N monolayer after introducing N
Keywords: vacancy is reduced to -0.146 eV, showing good HER catalytic activity. It is highlighted that, the HER cat-
Two-dimensional electride alytic activity of Ca;N monolayer can be further enhanced with TM doping, the Gibbs free energy AGy,
Ca;N of single Mo and double Mn doped Ca;N are predicted to be 0.119 and 0.139 eV, respectively. The present
Density functional theory calculations results will provide good theoretical guidance for the HER catalysis applications of two-dimensional elec-

Hydrogen evolution reaction tride Ca,N monolayer.
Transition metal doping :

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the continuous progress of global industrialization, more
and more energy is consumed, which makes the global energy
crisis more serious and brings great pressure to the ecological
environment [1-4]. There is an urgent need for efficient and
ecofriendly energy conversion technology to achieve the sustain-
ability of human society. Hydrogen, as a typical carrier of clean
and renewable energy [5,6], has been regarded as an important
substitute for fossil fuels and can solve the increasingly serious
ecological environment problems [7-9]. Electrocatalytic reduction
of water by hydrogen evolution reaction (HER) is an effective
method in various potential hydrogen reduction technologies [10-
12], and the key factor in this process is efficient electrocatalysts.
At present, the most widely used electrocatalyst is noble metal Pt
[13-16]. However, the high cost and scarcity of Pt seriously hin-
ders its large-scale industrial application [11,17-19]. Therefore, it
is extremely important to find a rich and economical electrocat-
alyst on the earth to replace the Pt metal. In the past years, many
novel two-dimensional (2D) materials have been proposed as ef-
fectively HER catalysts, such as, transition metal dichalcogenides
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(TMDCs) [8,10,11], transition metal nitrides or carbides (MXenes)
[20,21], transition metal borides (MBenes) [7,22], graphene-like
carbon nitrides (g-C3N4) [23], layered double hydroxides (LDHs)
[24], monoatomic catalysts (SACs) [25,26] and two-dimensional
electrides (2D-electrides) [27,28].

In recent years, inorganic electrides, an emerging kind of mate-
rials has been reported [29,30], which will bring great significance
to the development of artificial materials. Electrides are a class of
novel ionic compounds, which contain excess electrons distributed
in crystal cavities playing the role of anions [31]. In electrides, the
trapped electrons are usually loosely bounded and form unique
electronic structure features, which make them present many ex-
cellent physical and chemical properties, such as high electron mo-
bility, extremely low work function, strong electron-donating abil-
ity, and good oxidation activity and catalytic activity [29,30]. Due
to these excellent properties, electrides have broad and promis-
ing application prospects, such as catalyst promoters or catalysts
[32], battery electrode materials [33], electronic devices, super-
conductors [34] and new magnetic materials [35]. Especially in
the field of catalysis, electrides contain excess electrons, which
are easily to transfering to other substances, and attracting con-
siderable attention toward various important chemical reactions.
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For example, the electride [Cay4Aly50¢4]*t-4e~ (usually abbrevi-
ated as C12A7:e~) shows the characteristics of low work func-
tion and strong electron transfer ability [36]. Ru-loaded C12A7:e~
(Ru/C12A7:e7) is considered to be an efficient ammonia synthe-
sis catalyst at low temperature and pressure, which can reduce
the activation energy of ammonia synthesis reaction and enhance
the dissociation of Ny [37,38]. The electride Y5Si3 [39] also shows
strong chemical activity, and Ru-loaded Ys5Siz (Ru/YsSis) is a highly
efficient ammonia synthesis catalyst [40]. Rare-earth-based inter-
metallic electrides are proposed to be efficient ammonia synthesis
catalysts as well, e.g., LaRuSi [41] and Ru-loaded LaNiSi [42]. More-
over, Cu-based intermetallic electride LaCugg;Sij33 [43] exhibits
strong electron transfer ability and low work function, which can
reduce the activation energy of chemical reaction and promote the
dissociation of hydrogen molecules and shows good catalytic ac-
tivity in various hydrogenation reactions. These reported electrides
have several common characteristics, such as strong electron trans-
fer ability, low work function, chemical stability and good chem-
ical reaction activity, which are beneficial for the catalysis perfor-
mance. However, due to the limited environment stabilities [27,42],
the discovery and development of electrides for high performance
catalysis is still on going.

Recently, a layered electride material, dicalcium nitride, with 2D
anionic electrons has been reported [31]. This layered electride has
a chemical formula of Ca;N, which can be rewritten as [Ca;N]|™.e~
to reflect the anionic electron delocalized in the interstitial space
between two Ca;N layers. Since CayN has a low work function of
2.6 eV and a high electron mobility of 520 cm? V-1 s~1 [44,45],
it would be effective in transferring electrons into electrochemi-
cal reaction. It is noted that obtaining Ca,N monolayers via bulk
exfoliation can be achieved based on the previous research about
the cleavage energy and strength [46,47]. Furthermore, it is moti-
vated by a self-passivated 2D monolayer di-hafnium sulfide elec-
tride ([Hf,S]?*-2e~) [27], which demonstrating good HER perfor-
mance with excellent long-term sustainability and no degradation
in performance [27]. Therefore, the exploration and investigation
of monolayer CayN as anticapted high performance HER catalyst is
of great interest and importance.

In this work, based on density functional theory calculations us-
ing the Vienna ab initio simulation package (VASP) [48] and dealt
with the ALKEMIE platform [49,50], we explored the HER catalytic
performance of 2D electride Ca;N monolayer. The calculation de-
tails of Supporting information can be referred to for specific cal-
culation methods. We proposed two effective methods to improve
the HER catalytic activity of Ca;N monolayer: vacancy defect en-
gineering and transition metal doping. It finds that both way can
improve the HER catalytic activity of Ca,N monolayer to a favor-
able level with the Gibbs free energy |AGy,| < 0.2 eV.

The 2D crystal structure of CayN monolayer with the space
group of P3m1 consists of one N layer sandwiched between two
Ca layers, as shown in Fig. 1a. Each surface Ca atom is coordi-
nated to three N atoms, while each N is covalently bonded to six
Ca atoms. The optimized lattice parameter of the Ca,N monolayer
is a=b=3.607 A, and the optimized Ca-N bong length is 2.433 A.
The results agree well with previously literatures [31,51]. The sta-
bility of the 2D structure framework is a prerequisite for long-term
operation. Therefore, we have to estimate the stability of the Ca,N
monolayer.

First of all, the dynamic, thermodynamic, and geometric sta-
bility of Ca;N monolayer have been confirmed by performing ac-
curate phonon calculations and AIMD simulations in the previous
reported literatures [31,45,47,52]. Moreover, we also carried out
AIMD simulations to verify the dynamic and geometric stability
of Ca,N monolayer, as shown in Fig. S1 (Supporting information).
The results are consistent with the previous reported literatures
as well, suggesting good thermodynamic stability of Ca;N mono-
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Fig. 1. Top and side views of (a) pristine Ca;N, (b) Ca;N-V¢, and (c) Ca;N-Vy. (d)
Calculated Gibbs free energy diagram of HER for pristine Ca,;N, Ca;N-Vc, and Ca;N-
Vn with the hydrogen coverage of 1/16. (e) Volcano curve of exchange current den-
sity ip as a function of AGy, for intrinsic and defective Ca,N.

layer. An understanding on the electron transfer efficiency of Ca;N
monolayer in the electrocatalytic reactions can be gained by an-
alyzing the density of states (DOS). Fig. S2 (Supporting informa-
tion) shows the total DOS and PDOS of Ca,N monolayer. Obviously,
Ca,;N monolayer exhibits metallic conductivity with the Fermi en-
ergy falling into continuum energy states, which is consistent with
previous works [46,47]. According to PDOS, the metallic electronic
structure nature of Ca,N monolayer is mainly contributed by the
Ca-d and N-p orbitals around the Fermi level.

To explore the catalytic activity for HER performance, we first
examined the adsorption behavior of H atoms on the surface of
Ca,;N monolayer to locate the most favorable adsorption sites. The
optimized active site for H adsorption is on top of the middle of
three Ca atoms on the surface, as show in Fig. S3a (Supporting in-
formation). The Gibbs free energy for hydrogen adsorption (AGy,)
on Ca;N monolayer is calculated to be —0.599 eV, which is far
away from than the ideal value. Herein, an optimal HER activity
can be achieved for an excellent catalyst when the absolute value
of AGh, (|AGh,]) is close to zero, indicating that the Gibbs free
energy of adsorbed H is close to that of the reactant or product
[7,8,10,11]. More negative AGy, will result in a too strong bond-
ing of adsorbed H to extract from the catalyst surface, while more
positive AGy, will make the protons bond to the surface of cat-
alyst too weak and difficult. Therefore, both negative and positive
AGy, lead to slow HER kinetics. Generally, the criteria for judg-
ing whether a material possesses HER activity follows the classical
rule of |[AGy,| < 0.2 eV. Therefore, such relatively strong binding
of atomic hydrogen indicates that the Ca,N monolayer exhibits in-
ertial HER activity.

We firstly introduced vacancy defects to improve the HER cat-
alytic activity of Ca,N monolayer. To avoid the influence of the
periodical boundary conditions and improve computational accu-
racy, we built a 4 x 4 x 1 supercell for the following study. In view
of the structural characteristics and element composition of Ca;N
monolayer, we have considered two types of vacancies: Ca-vacancy
in CapN monolayer (short for Ca;N-Vc;) and N-vacancy in CayN
monolayer (short for Ca;N-Vy), as shown in Figs. 1b and c, respec-
tively. The calculated vacancy formation energy Er according to Egs.
S1 and S2 (Supporting information) of Ca;N-V, and Ca;N-Vy are
0.724 eV and 2.553 eV, respectively. Generally, the smaller positive
value of the vacancy formation energy indicates the higher pos-
sibility for the formation of the vacancy. Therefore, it is evidently
that Ca;N-V, shows greater possibility to form in Ca;N monolayer
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with a relatively low vacancy formation energy. Besides, we also
carry out AIMD simulations to verify the dynamic and geomet-
ric stability of Ca;N monolayer with Ca-vacancy and N-vacancy,
as shown in Figs. S1b and c, respectively. The well maintained
structures and narrow range fluctuating total energies suggest good
thermodynamic stabilities of both Ca;N-Vc, and CayN-Vy. As can
be seen from the PDOS in Figs. S2b and c, CayN-V, and Ca;N-Vy
still present metallic properties and show good electronic conduc-
tivities.

For CayN-V¢,, the optimal active site for the adsorption of hy-
drogen atom is in the center of three Ca atoms and above the N
atom around the Ca vacancy, as shown in Fig. S3b (Supporting in-
formation). On the other hand, for CayN-Vy, the best active site
for the adsorption of hydrogen atom is above the N vacancy, as
shown in Fig. S3c (Supporting information). The Gibbs free en-
ergies for hydrogen adsorption for Ca,N monolayer without and
with vacancy are summarized in Fig. 1d, where the correspond-
ing values for Pt (111) and MoS, edge are shown for reference as
well [2,21,53]. The calculated AGy, for CayN-V, and Ca;N-Vy are
-0.390 and -0.146 eV, respectively. The results indicate that the va-
cancies can promote the HER catalytic activity of Ca,N monolayer.
In particular, AGy, of CayN-Vy is calculated to be -0.146 eV, where
the absolute value is smaller than 0.2 eV, indicating the potential
high HER catalytic activity. The main reason for this phenomenon
is that the presence of N vacancies reduces the number of anions,
and more charges will accumulate around the Ca atoms around the
N vacancies. The extra electrons of Ca,;N are beneficial for the HER
process, which reduce the energy barrier of the catalytic reaction
and make the catalytic reaction easier. Therefore, the introduction
of vacancy defects can improve the HER catalytic activity of Ca;N
monolayer. Furthermore, Fig. 1e shows the volcano curve of ex-
change current density iy as a function of AGy, refer to Nerskov’s
model [54], where the volcano peak corresponds to the best HER
activity [55]. Obviously, the pristine Ca;N is located around the
left legs of the volcano curve, while the Ca;N-Vy is near the peak
of the volcano curve. However, compared with the common noble
metal Pt catalyst (AGy, =-0.090 eV) [2,53,56] and the non-noble
metal compound MoS,-edge (AGy, =0.080 eV) [2,56-58], the HER
catalytic activity of Ca;N-Vy is still a little bit lower. The Pt and
MoS,-edge activities are closer to the peak position of the volcano
curve, which are consistent with the previously analysis [2,56]. It
can be concluded that introducing vacancy defects can improve the
catalytic activity of Ca,N monolayer, however, it has not exceeded
the catalytic activity of Pt and MoS,-edge, which requires further
improvements.

To further improve the catalytic activity of Ca;N monolayer, we
tried to change the HER chemical environment on the surface of
Ca,N monolayer by transition metal (TM) doping. As shown in Figs.
2a and b, we replaced a Ca atom with a TM atom in a 4x4x 1
Ca,N supercell. Herein, 12 different TMs of Ti, Zr, Hf, V, Nb, Ta, Cr,
Mo, W, Mn, Fe and Ru have been considered. As shown in Fig. 2c
and Table S1 (Supporting information), among the 12 TM doped
CapN monolayers (1TTM@Ca;N), Ru doping Ca;N monolayer shows
the most positive formation energy Ey of 2.783 eV, and Hf dop-
ing presents the most negative E; of -0.496 eV. It is worth noting
that Ti and Zr doping show negative E; of -0.454 eV and -0.389
eV, respectively, indicating that the Hf, Ti and Zr doping processes
are exothermic and spontaneous. On the other hand, the forma-
tion energy of the other 9 TMs are greater than 0, indicating that
the formation is endothermic. Nonetheless, except for Ru and Mn,
the formation energies of other TMs have small positive values not
greater than 2 eV, which indicates that the doping processes are
still possible. In order to investigate the electronic properties of
1TM@Ca;,N, we display the total DOS and projected DOS plots for
the 1TTM@Ca;N as depicted in Fig. S4 (Supporting information). It
has been found that all these 12 kinds of 1TTM@Ca,;N exhibit metal-
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Fig. 2. (a) Top and side view of 1TM@Ca;N. (b) Brown-red squares refer to the TM
dopants. (c) The formation energies for different 1TTM@Ca;N. (d) Calculated Gibbs
free energy diagram of HER for ITTM@Ca;N for a hydrogen coverage of 1/16. The two
horizontal black dashed lines correspond to |[AGy:| < 0.2 eV. (e) Volcano curves of
exchange current density i as a function of AGy, for 1TTM@Ca;N.

lic conductivity with the Fermi energy falling into a continuum en-
ergy states. Fig. S5a (Supporting information) illustrates the charge
transfer from TM to neighboring N atoms, which indicates that the
substitution of doped TM makes some change in its structure. It is
seen that TM-doping gives rise to the redistribution of the electron
charge, which could play as the role of catalysis active center.

After determining the stability and conductivity of 1TTM@Ca;N,
we studied their HER catalytic activities by calculating the Gibbs
free energy AGy+. As shown in Fig. 2d and Table S2 (Supporting
information), 8 of 1TTM@Ca;N cases have |AGy«| smaller than that
of Ca;N monolayer (AGys =-0.599 eV): 1Mo@Ca;N (AGy+ =0.119
eV), 1Mn@Ca;N (AGy«=-0.287 eV), 1V@Ca,N (AGy+=-0.298
eV), THf@Cay;N (AGyx =-0.381 eV), 1Fe@CayN (AGy+ =-0.442 eV),
1W@Ca);N (AGy+ =-0.449 eV), 1Ti@CayN (AGy- =-0.487 eV) and
1Nb@Ca;N (AGy+ =-0.519 eV). Herein, 1Mo@Ca,N shows consider-
able high HER catalytic activity with |[AGy+| < 0.2 eV. On the other
hand, there are 4 TTM@Ca;N cases show |AGy+| larger than Ca;N
monolayer, which are 1Zr@Ca,N (AGyr=-0.674 eV), 1Ta@CayN
(AGy+ =-0.692 eV), 1Cr@CayN (AGy= =-0.721 eV) and 1Ru@Ca;N
(AGy+ =-0.870 eV). According to the calculated AGy, of 12 kinds
of 1TTM@Ca,N, it is demonstrated that not all the TM doping can
improve the HER catalytic activity of Ca,N monolayer. The chem-
ical environment has been changed to different degrees, which
could result in different catalytic activities. At the same time, we
obtained the volcano map according to the relationship between
AGy, and the exchange current density, as shown in Fig. 2e. The
HER catalytic activity of 1IMo@Ca;,N is the best, which is the clos-
est to the top of the volcano map. While the HER catalytic activity
of 1Ru@CayN is the worst, it is also furthest away from the top of
the volcano map and located at the bottom of the left side of the
volcano map.

There are many factors affecting the catalytic activity, such as
the replacing position of the doping atoms [55]. To further un-
derstand the HER catalytic activity of 1TTM@Ca,N, we selected 4
types of TM (Mo, Mn, V and Hf) atoms to replace the N atom
in the 4 x4 x 1 CayN supercell. However, it is found very difficult
to replace the N atom with TM atom, because these cases show
very large positive formation energies (Table S3 in Supporting in-
formation). It means that the replacing of N atoms are very diffi-
cult to achieve with very low thermal stability. Moreover, the HER
catalytic activities of these four materials doped with N atom are
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Fig. 3. Top and side views of (a) 2TM@Ca,N and (d) 3TM@Ca;N. Calculated Gibbs free energy diagram of HER for (b) 2TM@Ca,N and (e) 3TM@Ca;N with the hydrogen
coverage of 1/16. The two horizontal black dashed lines correspond to |AGy-| < 0.2 eV. Volcano curves of exchange current density ip as a function of AGy, for (c)
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not better than those dopants at Ca position. Therefore, it can be
known that the strategy of replacing N atoms is not feasible.

Furthermore, 4 x 4 x 1 CayN supercells were doped with differ-
ent TM content at the position of Ca atom to study the effect of
different doping ratios on HER catalytic activity of Ca,N monolayer.
Since not all the 1TTM@Ca;N cases show better HER catalytic activ-
ities than Ca,N monolayer, we selected the HER improved TMs of
Ti, Hf, V, Nb, Mo, W, Mn and Fe to study the effect of concentration
variation. The structures of replacing 2 and 3 TMs are displayed in
Figs. 3a and d, respectively. As listed in Table S1, with the increase
of doping ratio, the formation energy is more positive. This is un-
derstandable since more doping TM atoms will change the local
chemical environment in a stronger way. Among 2TM@Ca,N and
3TM@Ca;N, the formation energy of Ti doping is the lowest, which
means it is the easiest to be doped into Ca;N monolayer. On the
other hand, W is the most difficult to incorporated with the most
positive formation energy. There are signs of charge transfer from
TM atoms to the surrounding N atoms for both 2TM@Ca,N and
3TM@Ca;N, as shown in Figs. S5b and ¢ (Supporting information),
indicating that TM atoms and N atoms are strongly bonded. Al-
though multiple TM doping causes some local changes in the ini-
tial structure of Ca,N monolayer, it does not destroy its metallic
conductivity nature (Fig. S6 in Supporting information).

After ensuring the stability and conductivity of 2TM@Ca,N
and 3TM@Ca,N, we evaluated their HER catalytic activity. As
shown in Fig. 3b, we calculated the AGy, of 2TM@Ca;N,
and its monolayer. On the other hand, the other 6 kinds of
2TM@Ca;N have better HER catalytic activity than Ca;N mono-
layer, which can be seen that 2Mo@Ca;N (AGy, =-0.626 eV) and
2Hf@Ca;N (AGy, =-0.647 eV) have worse HER catalytic activ-
ity than CayN 2Mn@Ca;N (AGy, =0.139 eV), 2W@Ca;N (AGy, =-
0.212 eV), 2Fe@Ca)N (AGy, =-0.329 eV), 2V@Ca)N (AGy, =-0.346
eV), 2Ti@CayN (AGy, =-0.493 eV), 2Nb@Ca;N (AGy, =-0.573 eV).
Interestingly, the |AGy«| of 2Mn@Ca;N is less than 0.2 eV, in-
dicating good HER catalytic activity. In addition, we also calcu-
lated the exchange current density (ig) of these eight materials,
and obtained their volcanic diagrams according to the relation-
ship between AGy: and exchange current density (Fig. 3c). The
HER catalytic activity of 2Mn@Ca;N is the best, which is closest
to the peak of the volcano plot. While the HER catalytic activity of
2Hf@Ca;)N is the worst, which is the farthest away from the vol-
cano peak.

Furthermore, the catalytic activity of 8 kinds of 3TM@Ca,N
are shown in Fig. 3e. Herein, only 3Mo@Ca;N (AGy, =-0.959 eV)
shows worse HER catalytic activity than Ca;N monolayer. The other
3TM@Ca;N have better HER catalytic activity than Ca,N monolayer,
which are 3Hf@Ca;N (AGy, =0.178 eV), 3Fe@Ca)N (AGy, =-0.235
eV), 3V@Ca;N (AGy, = —0.268 eV), 3Nb@Ca;N (AGy, = —0.270 eV),
3Ti@CayN (AGy,=-0.302 eV), 3Mn@Ca;N (AGy,=-0.522 eV),
3W@CayN (AGy, =-0.539 eV). It is interestingly to find that the
|AGy+| of 3Hf@Ca,N is smaller than 0.2 eV, indicating the best
HER catalytic activity. At the same time, we also calculated the
exchange current density of 3TM@Ca;N according to the previous
work (Fig. 3f). Among them, 3Hf@Ca;,N is located on the right side
of the volcanic map, which is closest to the peak of the volcanic
map. The 3Mo@Ca,N locates in the lower left corner of the vol-
cano map, which is the farthest away from the vertex of the vol-
cano map. It is noted that, compared with the 2TM@Ca;N cases,
the higher doping ratio of TM do not ensure to achieve better cat-
alytic activity. For example, with the increase of Mo-doping con-
tent, the HER catalytic activity is getting worse. But the Fe-doping
case shows the opposite trends with the increase of Fe doping con-
tent, and its HER catalytic activity is getting better.

In summary, we have systematically studied the potential of
two-dimensional electride Ca;N monolayer as HER catalyst based
on density functional theory calculations. We proposed two ef-
fective methods to improve the HER catalytic activity of Ca;N
monolayer: vacancy defect engineering and transition metal dop-
ing. First of all, the introduction of vacancy defects in Ca;N mono-
layer was proposed. Compared with the original Ca,N monolayer
(AGH* =-0.599 EV), CazN-Vca (AGH* =-0.390 eV) and Ca2N-VN
(AGy+ =—0.146 eV) show improved HER catalytic activities. Sec-
ondly, different types and contents transition metals were doped
into Ca;N monolayer. We found that 1Mo@Ca,;N (AGy+ =0.119 eV),
2Mn@Ca;N (AGy+ =0.139 eV), and 3Hf@Ca;N (AGy- =0.178 eV)
exhibit excellent HER catalytic activities. This work provides a fea-
sible way to improve the HER properties of 2D electride Ca;N
monolayer for related electrocatalytic applications.
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