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ABSTRACT

Hydrogen production via the electrochemical splitting of water using renewable electricity
represents a promising strategy. Currently, Platinum group metals (PGM) are the best performing
hydrogen evolution reaction (HER) catalysts. Thus, the design of non-PGM or low-loading PGM
catalysts is essential for the commercial development of hydrogen generation technologies via the
electrochemical splitting of water. Here, we employed density functional theory (DFT)
calculations to explore Pt/Pd modified transition metal nitrides (TMNs) as low-cost HER catalysts.
Our calculations show that Pt/Pd binds strongly with TM on TMN(111) surfaces, leading to the
formation of stable Pt/Pd-monolayer (ML)-TMN(111) structures. Furthermore, our calculated
hydrogen binding energy (HBE) demonstrates that Pt/MnN, Pt/TiN, Pt/FeN, Pt/VN, Pt/HfN,
Pd/FeN, Pd/TaN, Pd/NbN, Pd/TiN, Pd/HfN, Pd/MnN, Pd/ScN, Pd/VN, and Pd/ZrN are promising

candidates for HER with a low value of limiting potential (U ) similar to that calculated on Pt(111).

Keywords: hydrogen evolution reaction, density functional theory, catalysts, free energy, limiting
potential

1. INTRODUCTION

Hydrogen is an attractive alternative clean fuel.!* However, currently, hydrogen is produced
primarily via the catalytic reforming of hydrocarbons and alcohols using precious metals
catalysts.*> Such fossil fuel-based production of hydrogen is not sustainable and also energy-
intensive as reforming is typically carried out at high temperatures.®’ In this regard, ambient
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condition electrochemical water splitting to produce hydrogen is appealing.®!> The
electrochemical hydrogen production, when carried out using renewable electricity, represents a

carbon neutral sustainable approach to producing hydrogen that can be used as a clean fuel.!3-16

The electrochemical splitting of water consists of two half-reactions: hydrogen evolution
reaction (HER) that occurs at the cathode, and oxygen evolution reaction (OER), which occurs at
the anode. The HER at the cathode can proceed via Volmer-Heyrovsky or Volmer-Tafel

mechanism!72!, In acidic solution, the elementary steps in HER are:!”
HY* +e~ -»H* Volmer reaction
H*+ H" + e~ 5 Hy(g) + = Heyrovsky reaction
H*+ H* > H;(g)+ * Tafel reaction

Along the Volmer-Heyrovsky reaction pathway??, the HER proceeds via the Volmer step
followed by the Heyrovsky step. The Volmer step involves electron transfer to a proton to produce
an adsorbed hydrogen (H*) on the catalyst surface. In the Heyrovsky step, electron-coupled proton
transfer to H* produces H,(g). Along the Volmer-Tafel mechanism??, the HER proceeds via the
Volmer reaction described above to form surface-bound H*, and the Tafel step comprises the

combination of two H* to produce Hj(g).

Platinum group metals (PGM): Pt and Pd are the most stable and active catalysts for
HER.?326 The high cost associated with PGM catalysts severely limits their large-scale application
as HER catalysts.?’?° Thus, reducing the loading of PGM in the catalyst design without
compromising the activity is a promising strategy to develop low-cost and effective HER
catalysts.3-33 Core@shell architecture3* consisting of low-cost core materials with thin PGM shell
has been demonstrated to possess similar or even higher HER activity compared to PGM

catalysts.?> Several types of such catalysts structures: having less expensive core metals with Pt
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and Pd thin shell (ranging from monolayer to few atomic layers) have been studied for many

electrochemical reactions, including the HER using experimental and theoretical methods.??-36-37

Transition metal carbides (TMCs), transition metal phosphides (TMPs), transition metal
borides (TMBs), and transition metal nitrides (TMNs) have been explored as electrocatalysts for
the HER.3¥62 Abghoui et al.>* reported that TaN, HfN, MoN, and ScN catalyze HER at
overpotentials between -0.09 V to -0.34 V. Peterson et al.%*> demonstrated that the activity of TMC
catalysts is between low activities shown by early transition metals and the high activity shown by
compounds of Pt/Pt-group metals. In addition to the above, TMPs have also been explored as

potential catalysts for HER, including the phosphides of Co, Ni, and Fe.!!

In this study, density functional theory (DFT) calculations are performed to study the HER
on Pt and Pd monolayer on less expensive TMNs. A monolayer of Pt and Pd are optimized on the
(111) surface of TMNSs, and the DFT calculated hydrogen binding energy is used to predict a set
of promising HER candidates. The results show that monolayer of Pt/MnN, Pt/FeN, Pd/TaN,
Pd/NbN, Pd/TiN, Pd/HfN, Pd/MnN, Pd/ScN, Pd/VN, and Pd/ZrN are promising candidates for the
HER.

2. COMPUTATIONAL METHODS
Periodic density functional theory (DFT)® calculations are performed using the Vienna Ab-Initio
Simulation Package (VASP).3-%6 All DFT calculations are performed at the GGA level within the

PAW-PW9167:68 formalism and are spin-polarized.

The bulk structures of transition metal nitrides (TMNs) are modeled using the rock salt
NaCl structure with an equal ratio of the transition metal (TM) and nitrogen (N). The unit cell of
bulk TMNs contains four TM atoms and four N atoms. The DFT optimized bulk TMNs are used

to cleave the TM terminated TMN(111) surfaces. The TMN(111) surfaces are modeled using a 4
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bilayer (each containing one layer of TM and N) 3 x 3 surface slabs. A monolayer of Pt and Pd is
placed on optimized TMN(111) surfaces to model Pt/Pd monolayer TMN [Pt/Pd-ML-TMN(111)]

surfaces.

A vacuum of approximately 18 A is added to the surface in the z-direction to minimize the
artificial interactions between the slab and their periodic images. All calculations are carried out
using a plane-wave basis set of 400 eV energy cutoff, and a 3 x 3 x 1 Monkhrost-Pack grid is used
to carry out the Brillion zone integration®®. Based on our experience,’®-’? the energy cutoff (400
eV) and k-point sampling (3 x 3 x 1) are large enough to obtain converged reaction energetics.
During calculations, atoms in the bottom two layers are fixed while all other atoms are allowed to

relax until the Hellman-Feynman force on each ion is less than 0.02 eV/A.
The formation energy (E¢) of the bulk unit cell is calculated as:
E¢= Energy(bulk unit cell) — n* Energy(TM) — n/2*Energy(N;) [1]

where Energy(bulk unit cell) is the total energy of TMN unit cell, Energy(TM) is the total energy
of TM in the energetically most favorable bulk phase, Energy(N;) is the total energy of N,

molecule in the gas phase, and n is the number of TM and N atoms in TMN unit cell.

The surface energy of relaxed TMN(111) (o¢") is calculated following the approach

described in (Quesne et al.) 73

Erelax - rlE:bulk
o' = A — o [2]

where the surface energy of unrelaxed TMN(111) (¢%) is given by:

Eglab — nEpuik ;
oA [3]
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Here, E.ax 1s the energy of the relaxed slab, Ey 1s the energy of the bulk unit cell, A is the surface

area of the slab, and n is the number of bulk unit cells required to form TMN(111) slabs.
The binding energy (BE) of adsorbate on the surface is calculated as:
BE(adsorbate) = E(slab + adsorbate) — E(slab) — E(adsorbate) [4]

where E(slab + adsorbate), E(slab), and E(adsorbate) are the total energies of the slab with

adsorbate, clean slab, and adsorbate in the gas phase, respectively.

The free energy changes (AG) are calculated using the computational hydrogen electrode
(CHE) model developed by Norskov and coworkers.” In this model, the chemical potential of a
proton-electron pair (H + e7) is equal to half of the chemical potential of hydrogen gas molecule
(1/2w(H,)) at zero applied potential (U). Thus, the total chemical potential of the (H" + ¢7) pair as
a function of applied potential (U), at all temperature and pH values, can be calculated as p(H* +

") = 1/2u(Hy(g)) —eU.

The CHE model is employed at U = 0 V to construct the free energy diagrams (AG vs.

reaction coordinates) of the HER. The Gibbs free energy (G) of a species is calculated as’
G=E+ZPE-TS [5]

Here, E is the total energy of a species obtained from DFT calculations, ZPE and S are the zero-

point energy and entropy of a species, respectively, and T =298.15 K.

Similar to the previous approach’, a canonical ensemble (NVT) ab-initio molecular
dynamics (AIMD) simulations on few select Pt, PdA/TMNs candidates are performed at 1000K for

5 ps using the VASP code.
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3. RESULTS AND DISCUSSION

TMCs and TMNS typically exist in two common crystal phases: face centered cubic rocksalt and
hexagonal close pack (HCP).”>7¢-81 In particular, many of these TMNs (e. g. NbN, VN, ZrN, RuN,
TiN, CrN, CoN) in rocksalt structures have been synthesized in previous experimental studies.>
87 Therefore, we focus on the HER activity of 3d-5d TMNss in rocksalt phase. TMNSs in other bulk
phases will be our interest in future studies. Firstly, DFT calculations are performed to compute
the lattice constant and formation energies (Es) of 3d-5d TMNs in rocksalt (NaCl: space group =
Fm3m) bulk structure. The DFT calculated lattice constants in Figure 1 show a correlation
between the DFT calculated lattice constants and atomic radii of TMs in TMNs (except for ZnN),
indicating that the lattice constant of the bulk TMN is primarily determined by the size of TMs.
The correlation observed between the DFT calculated lattice constants of TMNs and atomic radii
of TMs suggests that an advanced machine learning (ML) scheme can be developed to fit the lattice
constant with elemental properties of TMs as illustrated in our previous study.®® Such a ML study,
which requires sizeable dataset, will also help identify the most important feature relating to target
property (lattice constant in this case). Our calculated Ess in Table 1 show negative E¢ for CrN,
HfN, MnN, MoN, NbN, ScN, TaN, TiN, VN, YN, and ZrN and a small positive E; for AgN, AuN,
CuN, FeN, IrN, NiN, ReN, RhN, RuN, TcN, WN, and ZnN. The positive E; indicates the
thermodynamically unfavorable formation of AgN, CoN, CuN, FeN, ZnN, AuN, IrN, NiN, ReN,
RhN, RuN, TcN, and WN. Therefore, these TMNs are not included in the subsequent discussion
of the HER activity. Secondly, we calculated the surface energies of TM-terminated-TMN(111)
surfaces, which represent the thermodynamically most stable facet of face centered cubic rocksalt
phase. Furthermore, a strong interaction between the TM terminated surfaces of TMNs/TMCs and
Pt/Pt is expected due to similar electronic structures of TMNs/TMCs and Pt/Pt leading to stable

Pt/Pd overlayers.®?#-°1 The DFT calculated surface energies (Table 1) are all positive, except for
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TcN, and are similar to those reported on transition metal carbides (TMCs).”> TMCs have been
successfully synthesized and studied as catalysts for thermo/electro-catalytic reactions.”> The
negative E¢ of several of TMNs and their comparable surface energies of the (111) facets to TMCs

counterpart suggest that TMNs represent a new set of materials worthy of further investigation for
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application in catalysis.
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Figure 1. Plot showing the relationship between the atomic radii of TMs (A) and their lattice

constants (A).

Table 1. Lattice constants (in A ) and Formation energies/atom (eV/atom) of bulk TMNs, and
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surface energies (Jm?2) of TMN(111) surfaces.
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TMNs Lattice constant (A) | Egatom (eV/atom) | Surface energies (Jm?)

AgN 4.56 1.61 0.42
AuN 4.62 1.71 0.39
CoN 4.01 - 0.83
CrN 4.12 -0.39 -

CuN 4.17 0.99 0.79
FeN 4.03 0.19 0.88
HN 4.51 -1.82 0.98
IrN 4.40 1.45 1.11
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MnN 4.10 -0.28 0.94
MoN 4.34 -0.04 0.58
NbN 441 -1.04 0.63
NiN 4.07 0.58 0.76
ReN 4.34 1.00 0.39
RhN 4.34 0.91 0.59
RuN 4.32 0.88 0.57
ScN 4.47 -1.99 1.24
TaN 4.41 -0.91 0.62
TcN 4.32 0.51 -0.03
TiN 4.25 -1.74 1.26
VN 4.12 -1.02 0.91
WN 4.35 0.25 0.46
YN 4.83 -1.60 0.78
ZnN 4.29 0.66 0.79
ZrN 4.58 -1.74 0.96

Next, DFT calculations are performed to optimize a monolayer (ML) of Pt and Pd (9 Pt/Pd
atoms) on the optimized TMN(111) surfaces. The Pt/Pd overlayer on TMN(111) mimics the
TMN@Pt core@shell structure. This kind of architectures has been shown to reduce not only the
precious metal loadings but also improve the catalytic performance for electrocatalytic reactions.?*
97 Pt/Pd atoms are placed on two different hollow sites (Figure 2) to obtain the most favorable
Pt/Pd-ML-TMN(111) surfaces. The results indicate that Pt is more stable on hcp hollow site on
CrN, HfN, and VN. In contrast, Pt is more favorably adsorbed on fcc hollow sites on CuN, FeN,
MnN, and TiN. In addition, the results also show that the hcp hollow site is the energetically most
favorable site for Pd on HfN, NbN, TaN, and ZrN. On the other hand, the fcc hollow site is the
most favorable site for Pd on CrN, CuN, FeN, MnN, ScN, TiN, and ZnN. The most favorable Pt-
ML-TMN(111) (i. e. Pt ML adsorbed at hcp hollow site on CrN, HfN, TaN, NbN, VN And fcc
hollow site on CuN, FeN, TiN, ZnN) and Pd-ML-TMN(111) (i. e. Pd ML adsorbed at hcp hollow
site on HfN, NbN, TaN, VN, ZrN and fcc hollow site on CuN, FeN, MnN, ScN, TiN, ZnN) are

used for the calculations of H binding energy (HBE) as discussed below. It is observed that the
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Pt/Pd forms a strong bond with the TM on TMN(111) as indicated by the negative binding energies
listed in Figure 3. This is due to the similar electronic structure of TMNs and Pt/Pd.?-1°! Thus,
Pt/Pd ML-TMN(111) structures are expected to be stable for their potential application as HER

catalysts.

hcp hollow

Pt site
o

hcp hollow
Fcc hollow
bridge

fcc hollow
site

Figure 2. Schematics of how Pt/Pd-ML-TMN(111) are formed in the present study. TM (in

TMNs): brown, Pt: gray, and N: blue

== Pt BE
ZrN | mmm Pd BE

-1.50 -1.25 —1.00 -0.75 —0.50 —0.25 0.00 0.25
Binding Energy (eV)

Figure 3. DFT calculated BE (in eV) per atom of Pt and Pd on TMN (111) surfaces.
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The DFT optimized most stable structures of Pt/Pd-ML-TMN(111) are used to calculate
the BEs of Pt and Pd on the TMN(111) surfaces. We found that Pt binds more strongly to CrN,
FeN, HfNO, MnN, TiN, and VN compared to CuN and ZnN (Figure 3). On the other hand, Pd
binds more strongly to CrN, FeN, HfN, MnN, NbN, ScN, TaN, TiN, VN, and ZrN compared to
CuN and ZnN (Figure 3). Both Pt and Pd bind weekly to the CuN and ZnN surfaces compared to
all other surfaces. The positive Pt/Pd binding energy on Pt/Pd ML on CuN and ZnN suggests that
there is a weak interaction between Pt/Pd and Cu/Zn. This makes Pt/Pd more reactive as evidenced
by the strong HBE (Figure 4). We notice that there is significant movement of Pt/Pd atoms during
optimization leading to the formation of Pt/Pd cluster upon H adsorption, indicating adsorbate
induced cluster formation. This behavior shows that Pt/Pd ML on MoN and YN are unstable;
therefore, Pt/Pd-ML-MoN(111) and Pt/Pd-ML-YN(111) are excluded from the subsequent

discussions of HER.

Sabatier's principle suggests that too strong HBE poisons the catalyst's surface and leaves
no free sites for further H binding, whereas too weak HBE requires high overpotential for H
adsorption.!02-19%4 Thus, an ideal catalyst should have an optimal HBE: neither too strong nor too
weak. Previous experimental and theoretical studies have confirmed that the Gibbs free energy
change of adsorbed hydrogen (AGy*), which can be computed using DFT calculated HBE!®, is
the key descriptor of HER activity. Therefore, calculations of HBE would allow us to evaluate the
AGy*, which in turn can be used to predict the HER activity of the catalysts qualitatively. Using
this approach, the DFT calculations are performed to calculate the HBE on the stable Pt/Pd-ML-
TMN(111) surfaces (Figure 4) to obtain AGy*. All four adsorption sites: 2-hollow (fcc and hep),
1 top and 1 bridge as shown in Figure 2 are considered for the calculations of HBE. The optimized

DFT structures show that the fcc hollow site is the most favorable site for the adsorption of

10
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hydrogen on Pt/CrN, Pd/TaN, Pd/ZnN, while the most favorable site is hcp hollow for Pt/FeN,
Pt/HfN, Pt/MnN, Pt/TiN, Pt/VN, Pd/CuN, Pd/CrN, Pd/FeN, Pd/HfN, Pd/MnN, Pd/NbN, Pd/ScN,

Pd/TiN, Pd/VN, and Pd/ZrN.

() (b)

Pt/ZnN -
Pt/VN -
Pt/TiN q

Pt/MnN -

Pt/HfN -

Sytems

Pt/FeN
Pt/CuN -

Pt/CrN -

Pt

-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00
HBE (eV)

Pd/ZrN
Pd/ZnN
Pd/VN
Pd/TiN

Pd/MnN
Pd/HfN
Pd/FeN
Pd/CuN

-0.7 -06 -05 -04 -03 -02 -0.1 0.0
HBE (eV)

Figure 4. DFT calculated HBEs (in ¢V) on (a) Pt/ TMN(111) and (b) PA/TMNs(111) surfaces.

We find that the H binding on CrN, CuN, and ZnN is stronger than on Pt(111), while the
H adsorption is weaker on FeN, HfN, MnN, TiN, and VN compared to Pt(111). Similarly, the H
binding on Pd/CuN and Pd/ZrN is stronger than on Pt(111), while the H adsorption is weaker on
Pd/FeN, Pd/HfN, Pd/MnN, Pd/NbN, Pd/TaN, Pd/TiN, Pd/VN, and Pd/ZrN compared to Pt(111).

The H binding energy on Pd/ScN is similar to that on Pt(111).

The DFT calculated HBEs are then used to compute the AGy* as described in equation 5

and the results are plotted as shown in Figures 5(a) and 5(b). Our computed AGy* values in Figure

11
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5(a) show that Pt/MnN and Pt/TiN have AGy™* close to zero (0.003 eV and 0.02 eV, respectively)
and are predicted to be the best catalysts. The most difficult step of HER on Pt/MnN is desorption
of *H (i. e."H — 1/2H,(g) + *: Tafel reaction) while the most difficult step of HER on Pt/TiN is
Pt/TiN is H adsorption (i. e. H" + ¢ > "H: Volmer reaction). On Pt/FeN, Pt/HfN, and Pt/VN the
AGy* values are calculated to be 0.13 eV, 0.23 eV, and 0.19 eV, respectively. These values are
similar to or smaller than that on Pt (AGy* = 0.22 eV), the best performing HER catalyst.!96-108 Tt
is to be noted that the most difficult step of HER on Pt/FeN, Pt/HfN, and Pt/VN is the adsorption
of H. The DFT calculations predict large AGy™* of 1.50 eV, 0.47 eV, and 0.43 eV on Pt/CrN,
Pt/CuN, and Pt/ZnN, respectively. Thus, the HER is predicted to be sluggish on these candidates
because of the associated large free energy barriers. The most difficult step of HER on Pt/CuN,

Pt/CrN, and Pt/ZnN is found to be the desorption of H.

Similarly, DFT calculations are performed to compute the AGy™* values on PA/TMNs. The
free energy plots in Figure 5b show the AGy* values are comparable or even smaller on Pd/VN
(0.05 eV), Pd/ZrN (0.06 eV), Pd/MnN (0.07 eV), Pd/HfN (0.09 eV), Pd/TiN (0.10 eV), Pd/NbN
(0.13 eV), and Pd/TaN (0.16) than on Pt(111). Thus, these candidates are predicted to show an
excellent HER activity. Notably, the small (close to zero AGy*) value observed on Pd/ZrN (0.06
eV), Pd/VN (0.05 eV) suggests that Pd/ZrN, Pd/VN should show superior HER performance. *H
adsorption is predicted to be the rate-limiting step of HER on Pd/HfN, Pd/VN, while the desorption
of H is found to be the most difficult step of HER on all other PA/TMN. Our calculations show
large AGy™ values 0f 0.81 eV, 0.48 eV and 0.40 eV on Pd/CrN, Pd/ZnN, and Pd/CuN, respectively.

Therefore, a sluggish HER is predicted on Pd/CrN, Pd/ZnN and Pd/CuN.

12

Page 12 of 22



Page 13 of 22

Physical Chemistry Chemical Physics

0.4 o 0.2
021(@) . - (b) W
H+e  __-=7---- = =Z==_1/2H,(g) +* H'+e _==zZZC =~ _1/2H, (g) +*
0 o = S = mm——— e D T = 0 SIS - - ---=CS5R 5 AV
Vs P \\\ S= — =77
> z z RGN —— - /
0.2 4 \\ Q\\\ — > // \\\\\ \:\\\ ///,/ ////
N NN . , NE——29 ,
AN Pt P -0.2 4 v RS - /
N \ S — / s RN T /S —PdiciN
N
® 06 N J—PCN | B Y \Pd/ScN I‘Dt ;") —PdiCuN
: \ /e PYCuN . \ AN L7 s ——Pd/FeN
& 08 \ / & 0.4 \ P ;. ——PdHN
S 084 \\ // = Pt/FeN b \ , Pd/MnN
1 \ / = PYHfN \ / Pd/NbN
7 \ / N 4 Pd/ScN
N )/ PUMNN 0.6 AN ) —— Pd/TaN
-1.2 4 N , PUTIN \ / —— Pd/TiN
14 N )/ PYVN ‘\ /) —— PdIVN
1.4 . , \ , Pd/znN
— PUZnN -0.8 4 \e— —— Pd/ZIN
1.6 - — Pt —Pt
Reaction coordinate Reaction coordinate

Figure 5. (a) DFT calculated free energy diagrams of HER at U =0V on (a) Pt/TMN(111) and

(b) PA/TMN(111).

Limiting potential (U ), defined as the lowest applied potential (U) at which all elementary
steps in free energy diagrams become downhill in energy, has been shown to correlate well with
the catalytic activity of several electrochemical reactions, including the HER.!” The DFT
calculated AGy™* values are used to compute the U on Pt/Pd-ML-TMN(111). Subsequently, a plot
of Up and HBE on Pt/Pd ML on TMN(111) is constructed (Figure 6). The results show a volcano-
like relationship between Uy and HBE. The Uy values on Pt/MnN, Pt/TiN, Pt/FeN, Pt/VN, Pt/HfN,
Pt/ZnN, Pt/CuN, and Pt/CrN are -0.003 V, -0.02 V,-0.13 V,-0.19 V,-0.23 V,-043 V,-047 V,
and -1.50 V, respectively. As shown in Figure 6, Pt/MnN and Pt/TiN lie at the top of the volcano
and are predicted to be the best candidates among Pt/TMN sytsems. The calculated U values on
Pt/FeN, Pt/HfN and Pt/VN are similar to Pt and are expected to show similar HER activity
compared to Pt. The volcano plot in Figure 6 also shows that HBE is stronger on Pt/CrN, Pt/CuN

and Pt/ZnN leading to a higher value of Uy..
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Figure 6. Correlation between U, and HBE on Pt/TMNs and Pd/TMN:s.

Similar volcano-like relationship is observed between U and HBE on Pd/TMNSs. Figure 6
shows that Pd/ZrN and Pd/VN lie closest to the top of the volcano with Uy values of -0.06 V and
-0.05 V, respectively. Pt and Pd/ScN both have U of -0.22 V. The U, values are predicted to be -
0.07V,-0.09V,-0.10V,-0.13 V,and -0.16 V on Pd/MnN, Pd/HfN, Pd/TiN, Pd/NbN, and Pd/TaN,
respectively. Pd/TaN, Pd/NbN, Pd/TiN, Pd/MnN, and Pd/HfN are predicted to show superior HER

activity because of their smaller Uy, values compared to Pt.

Figure 6 presents a correlation between Uy and HBE on Pt/TMN and Pd/TMN systems
considered in this study. Pt/MnN and Pt/TiN lie at the top of the volcano, indicating that they
efficiently catalyze the HER. The volcano-like relationship between Up and HBE on Pt/Pd-ML-
TMN(111) (Figure 6) illustrates that the candidates that have HBE in the range -0.47 eV and -
0.06 eV should show enhanced HER activity compared to Pt. Thus, the future HER catalyst
development efforts should focus on Pt/Pd-ML-TMN(111) candidates that have HBE in the range

of -0.47 eV and -0.06 eV.
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Finally, using the DFT method,

atoms on Pt/Pd-ML-TMN(111) and computed the d-band center as described elsewhere.!'® Our
calculated d-band center shows a near-linear correlation with the HBE (Figure 7). The weaker
HBE observed on Pt/Pd-ML-TMN(111) is due to the downshifting of the d-band center compared
to Pt, while the upshift in the d-band center corresponds to the observed stronger HBE. The d-band

centers of predicted best candidates are close to that of Pt, suggesting a similar HER activity of

these candidates compared to Pt. In

(compared to Pt) for the candidates such as Pt/CuN and Pd/ZnN making these candidates not ideal
for enhanced HER. The observed linear correlation of HBE (which directly correlates with the

activity of the catalysts) with the d-band center suggests that the d-band center can be used as a

we obtained the density of states (DOS) of surface Pt/Pd

contrast, the d-band centers are significantly upshifted

descriptor of HER activity on Pt/Pd-ML-TMN(111).
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Figure 7. Plot showing the relationship between HBE (eV) and the d-band center (eV).
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We performed AIMD simulations to test the thermal stability of DFT predicted two of the
best candidates (Pd/VN and Pt/TiN). The results of AIMD simulations at 1000 K show a small
fluctuation in the total energy (Figure 8). Importantly, we observed no significant buckling of Pt
and Pd overlayers (geometries in Figure 8), indicating that Pd/VN and Pt/TiN remain stable up to
1000 K. Thus, the DFT predicted best candidates (e. g. Pt/TMN and Pd/TMN) are expected to be

stable since the HER is typically carried out at ambient conditions with temperature ~300K.

Pt/TiN Pd/VN
(b

X
{ ]
i g

Relative energy (eV)
Relative energy (eV)
o
1

T T T T T T T T
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time (fs) Time (fs)

Figure 8. Fluctuation in total energy and snapshot of geometries (in inset) in AIMD simulations

of (a) PU/TiNi (b) Pd/VN at 1000 K.

4. CONCLUSIONS
We perform DFT calculations to investigate the HER activity of TMN@Pt/Pd core-shell catalyst

structures modeled by Pt/Pd-ML-TMN(111) surfaces. The results show that several TMNs possess
favorable negative formation energies as well as low surface energies for the formation of
TMN(111) surfaces. Moreover, the strong binding between Pt/Pd with TM on TMN(111) suggests
that Pt/Pd-ML-TMN(111) represents a promising catalyst structure for further exploration in
catalysis. We carried out additional DFT calculations to compute the hydrogen binding energy
(HBE) on Pt/Pd-ML-TMN(111). The DFT calculated HBEs are then used to compute the free
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energy change (AGy*) along the HER pathway. Of all the Pt/Pd-ML-TMN(111), our results show
that Pt/MnN, Pt/TiN, Pt/FeN, Pd/TaN, Pd/NbN, Pd/HfN, Pd/MnN, Pd/ScN, Pd/VN, and Pd/ZrN
have AGy* close to zero and have Uy values close to that of Pt(111). Thus, these candidates are
predicted to show excellent HER activity. Furthermore, a volcano-type relationship between the
DFT calculated HBE, and U suggests that the future HER catalyst development efforts should

focus on Pt/Pd-ML-TMN(111) candidates that have HBE in the range of -0.47 eV and -0.06 eV.
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