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Hydrogen is identified as one of the most promising sustainable and clean energy sources. The develop-
ment of a hydrogen evolution reaction (HER) catalyst with high activity is essential to meet future needs.
Considering the novel advantages of two-dimensional materials and the high catalytic activity of atomic
transition metals, in this study, using density functional theory calculations, the HER on a single
transition metal (10 different TM atoms) adsorbed and doped ZnO monolayer (ZnO-m) has been
investigated. The Volmer—Tafel reaction mechanisms and strain engineering of the three best HER cata-
lysts are also discussed. The results show that Pt@ZnO-m, Co-doped ZnO-m and Ir-doped ZnO-m with
high stability all have a smaller absolute H adsorption free energy than Pt, and the optimal value of
Pt@ZnO-m is —0.017 eV. The calculation of the reaction energy barriers shows that the Volmer-Tafel
step is favorable. Co@ZnO-m and Ir@ZnO-m have high HER activity, the widest pH range, and acid—
alkali resistance. Pt@ZnO-m and Co-doped ZnO-m maintain excellent HER performances in the strain
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Introduction

With the expansion of industrial production, severe energy
shortages and environmental pollution have become the focus
of global attention in recent years, urgently requiring the
establishment of a global clean and sustainable energy
system."™ From this perspective, hydrogen (H,) energy, which
has the highest gravimetric energy density among all chemical
fuels, is regarded as an ultra-clean and powerful alternative to
meet future fuel needs.”® At present, the reaction of water
splitting for hydrogen production is a mature, industrialized
and cheap technology, and its efficiency mainly depends on the
performance of the catalysts.”'® For the electrocatalytic hydro-
gen evolution reaction (HER), platinum (Pt)-based materials
have emerged as effective electrocatalysts, but their practical
application in large-scale production is limited by their high
cost and low abundance."" Therefore, there is an urgent need to
develop cheaper and more effective HER catalysts.'>"?
Two-dimensional (2D) material-supported single atom cata-
lysts (SACs) take full advantage of each atomic catalytic site,
combine the unique geometrical and electronic properties of
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2D materials, and have multiple characteristics of efficient
catalysis."*'® For example, the high tunability of the coordina-
tion environment for catalytic activity engineering, the open
structure for easy mass transfer, suitability for well-established
advanced surface characterization, and high feasibility to
reveal, illustrate, design, and implement particular catalytic
mechanisms.'®™>®> SACs supported by 2D materials are expected
to provide higher selectivity and catalytic activity for the HER
than traditional catalysts. Recently, a series of 2D substrates
(graphene,*®”* MoS,,””"*> C3;N,”* MXene,*® g-C3N,,*° g-CN,*°
and h-BN®") anchored with various metal (Co,>*”* Rh,”* Ag,”
Ni,?” Pt,*®?° Ti,° and Ru®") atoms have been proposed as HER
catalysts with high efficiencies.

Among the emerging family of 2D materials, ZnO mono-
layers have attracted tremendous research interest due to their
intrinsic advantages, such as non-toxicity, high stability,** and
tunable electronic,®® magnetic,** thermoelectric,>® and optical
properties by changing the thickness,*® molecular adsorption,**
and heteroatomic doping.®” At ambient temperature and pres-
sure, the most stable phase of bulk ZnO is wurtzite, which
undergoes a phase transition to a non-polar graphene-like
structure when the thickness is reduced to about 8 atomic
layers.*® ZnO monolayers have been fabricated on substrates
(such as Ag(111),*® Au(111),*® Pd(111),"° and graphene') or
suspended in graphene pores.*” The monolayer ZnO is a
semiconductor with a wide band gap, and when additional
holes or electrons are introduced through heteroatom doping
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or adsorption, the band gap can be greatly reduced.**** ZnO
in various phases and morphologies has long been used as
a catalyst or catalyst support.*> Combining the superior prop-
erties of 2D confinement and the stable, economical, and
eco-friendly characteristics, the ZnO monolayer serves as a
promising candidate substrate for SACs.

Due to the wide band gap of the ZnO monolayer, researchers
have focused on its application in the photocatalytic HER and
the transition metal-decorated ZnO monolayer SAC for the
electrocatalytic HER, which has not been studied yet. In this
work, we theoretically screened 10 candidates for efficient HER
SACs built from different transition metal atoms embedded in
ZnO monolayers. Specifically, we studied two intercalation
methods, namely substitution of Zn atoms in the ZnO mono-
layer and adsorption on top of O atoms at the most stable site
of the ZnO monolayer. It is worth noting that these transition
metal atoms, containing 5 non-noble metals and 5 noble
metals, are commonly used to build HER catalysts. Thereafter,
we studied the stability of the SACs and their catalytic activity
for the HER. Then, the effect of pH and strain on the HER
activity was determined. The single Co and Ir atom adsorption
systems (Co@ZnO-m, Ir@ZnO-m) exhibit high HER catalytic
activity regardless of the acidic, neutral or alkaline environments.
The single Fe and Ru atom substitution systems (Fe-doped
ZnO-m, Ru-doped ZnO-m) showcase outstanding HER perfor-
mance with the widest pH range under alkaline and acidic
conditions, respectively. Moreover, Pt@ZnO-m, Co-doped ZnO-m
and Ir-doped ZnO-m have higher structural stability and better
HER activity than Pt, and the first two structures can still retain
excellent catalytic ability under biaxial strain from —4% to 4%.

Computational methods

The first-principles calculations were performed based on density
functional theory and implemented in the Vienna Ab initio
Simulation package (VASP)."® The projector-augmented wave
(PAW) pseudopotential’” was used and the generalized gradient
approximation of the Perdew-Burke-Ernzerhof (PBE-GGA)
method*® was employed in the calculations. A 500 eV cut-off
energy was set for the plane-wave basis set. The convergence accu-
racy for the energy and force was set to 10™* eV and 0.01 eV A™".
A 5 x 5 x 1 Monkhorst-Pack k-mesh in the Brillouin zone
was used for the optimization. The van der Waals interactions
were described by an empirical correction in Grimme’s scheme
(DFT-D3).*° To obtain the ideal electronic structure, the U values
of the Zn 3d and O 2p orbitals were set to 11.6 and 7, respectively.
At the same time, U = 3 eV was used to consider the Coulomb
interaction effect on all doped transition metals.’>"
vacuum of 15 A in both directions perpendicular to the periodic
direction to avoid the interactions between adjacent cells.

The Gibbs free energy of hydrogen adsorption (AGy) was
calculated to evaluate HER performance. The free energy AGy is
defined as AGy = AEy + AEzpg — TASy + AG(pH), where AEy,
AEzpg, and ASy are the hydrogen adsorption energy, the zero
point energy (ZPE), and the entropy differences between the
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adsorbed state and the gas phase, respectively. The adsorption
energy per H atom (AEy) is defined as AEy = Egapssr — Estap —
1/2Ey , where Egjap+n and Egp, are the total energies of the SACs
with and without the adsorbed H atoms, and Ey, is the total
energy of H, gas. AG(pH) is an additional barrier to the
adsorption of one H atom and depends on the pH value of
the electrolyte. AGpy = pH x kgTIn 10, where kg is the Boltz-
mann constant and T is the temperature (298.15 K). AGpy
equals 0 eV when pH = 0 and increases when the corresponding
electrolyte is acidic, neutral or basic. The calculation method
for AGy used in the present work was validated in a previous
study.>® Thus, the formula can be rewritten as AGy = AEy +
0.24 + AG(pH). Furthermore, the exchange current density i, at
pH = 0 is calculated as follows:>*

o €k0
1+ exp(|AGy|/ksT)

io (1)
where the rate constant k, is set to 1.

To discuss the stability of TM-adsorbed and TM-doped ZnO
monolayers, the adsorption energy (E,) and substitution for-
mation energy (Er) were considered. E, is the energy required to
dissociate the TM adatom from the ZnO monolayer and move it
away from the sheet. It was determined to assess the stability of
the TM-adsorbed systems using eqn (2).

Ea = EZnO-m(TM) - EZnO-m - ETM (2)

where Ezno.mm) and Ezno.m refer to the total energies of the
TM-adsorbed ZnO monolayer and ZnO monolayer, respectively,
and Ery is the energy of the isolated TM atom.

In our simulation, the formation energy of TM-substituted
Zn is calculated by the following formula:

Ep = E(ZnO-mry) — Ezno-m t fizn = Hrm (3)

where E(ZnO-mry,) is the total energy of the TM-doped ZnO
monolayer, Ez,o.m is the total energy of the ZnO monolayer,
and puy, and ury are the chemical potentials of the isolated Zn
and TM atom, respectively. Moreover, the chemical potentials
of isolated Zn and TM atoms indicate their total energies.
Specifically, we place an isolated Zn or TM atom into a 10 x
10 x 10 cell and calculate its energy.

The charge density difference (pqier) on the SAC before and
after the adsorption of H is calculated as follows:

paiee = p(H@SAC) — p(SAC) — p(H) (4)

where p(H@SAC), p(SAC) and p(H) are the charge densities of
H@SAC, SAC and H, respectively.

Results and discussion
Structure and electronic properties of the ZnO monolayer

It is well-known that bulk ZnO adopts a wurtzite structure as its
thermodynamically stable phase under ambient conditions.
A primitive ZnO unit cell has been widely modeled using
first-principles calculations, as shown in Fig. 1(a). The density
of states (DOS) is computed to represent the electronic behavior
of ZnO, and the calculated energy band gap is 3.374 eV, which
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Fig. 1 (a) Crystal structure and electronic state of W-ZnO. (b) Atomic

structure and electronic properties of the ZnO monolayer. The black
dashed lines indicate the Fermi levels. The gray and red balls represent
the Zn and O atoms, respectively.

is in good agreement with the experimental value of 3.37 eV.>*
From a microscopic view, there are two main states that
contribute to the valence band maximum, namely Zn-3d and
O-2p. The highest peak of the Zn-3d states is —8.182 eV, which
is very close to the experimental data of —8.2 €V.** Thereafter,
we obtain the ZnO monolayer derived from bulk ZnO (Fig. 1(b)).
The optimized ZnO monolayer has a planar honeycomb struc-
ture with the Zn-O bond length of 1.747 A; meanwhile, similar
to the DOS of the bulk ZnO, the upper valence bands are
dominated by Zn-3d and O-2p states. The band gap of the
ZnO monolayer was calculated to be 3.525 eV, which is close to
the reported value of 3.576 eV>® with GW corrections. Taken
together, the above theoretical results indicate that the structure
we adopted in our study is appropriate and accurate.

Stability of the single TM-adsorped and -doped ZnO monolayer

As shown in Fig. 2(a), ten different transition metal atoms
(TM = Fe, Co, Ni, Cu, Mo, Ru, Rh, Pd, Ir and Pt) are used to
adsorb on top of the O atom in the ZnO monolayer, which is
tested as the most stable adsorption site. Besides, they are also
used as substitutes for Zn atoms in ZnO monolayers to con-
struct SAC models. Among the ten transition metal atoms, on
the one hand, they are commonly used for constructing HER
catalysts; on the other hand, they are divided into two parts:
non-noble metals (Fe, Co, Ni, Cu, Mo) and noble metals (Ru,
Rh, Pd, Ir, Pt). For structural analysis, TM adsorption could
cause a small degree of structural distortion of the ZnO
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Fig. 2 (a) Top-view and side-view of the ZnO monolayer with a single
transition metal atom adsorbed and doped. (b) Summarized adsorption
energies of the ZnO monolayer-supported TM atoms. (c) The calculated
formation energies of TM-substituted Zn atoms.

monolayer along with the formation of new TM-O and TM-Zn
bonds. However, TM substitution may keep the ZnO monolayer
planar with no distinct distortion. The diffusion and aggregation
of the TM atoms in the SAC will reduce its catalytic activity and
stability during catalytic reactions. To ensure that the single TM
atom remains stable rather than diffusing or aggregating,
we consider the adsorption energy (E,) for TM adsorption and
the substitution formation energy (E¢) for TM substitution.
As depicted in Fig. 2(b), it is obvious that the adsorption energies
of all TM adsorptions are negative, which indicates that the
aggregation of TM atoms is hindered and the TM adsorption
structures are thermodynamically stable. In addition, the Fe
atom is most closely adsorbed to the ZnO monolayer and has
the largest adsorption energy (E, = —3.81 eV), while the Cu atom
has the smallest adsorption energy (E, = —0.577 €V). As for TM
substitutions, the substitution formation energies are calculated,
where the zero formation energy generally indicates that the
dopants can be easily doped into the ZnO monolayer and can be
stable in the system. As shown in Fig. 2(c), all metal atoms could
be stably doped into the ZnO monolayer with relatively low

This journal is © the Owner Societies 2024
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formation energies. Among them, the formation energy of the
Ir-doped ZnO single-layer system is close to zero.

HER performances of the single TM-adsorbed and TM-doped
ZnO monolayer

The HER activities of TM@ZnO-m and TM-doped ZnO-m are
investigated as follows. It is well known that HER activity
depends largely on the Gibbs free adsorption energy of an
H atom.”” Values close to zero correspond to better HER
performance.’® Currently, one of the most commonly used
HER catalysts is Pt, whose theoretically calculated Gibbs free
adsorption energy is about —0.09 eV.>> One of the most
important principles for designing new HER catalysts is that
the absolute value of the Gibbs free adsorption energy is lower
than or similar to that of Pt. Moreover, the HER catalytic activity
is considered to be high if |AGy| < 0.2 eV.°*°" In this study,
H atoms were adsorbed on the top sites of the TM atoms.
According to our calculation results, AGy of TM@ZnO-m is
shown in Fig. 3(a). The absolute AGy values of Fe@ZnO-m,
Mo@ZnO-m, Rh@ZnO-m and Pt@ZnO-m are less than 0.2 eV,
and the corresponding values are 0.118, 0.198, —0.112 and
—0.017 eV, respectively. On the one hand, these four structures
exhibit good HER performance; on the other hand, Pt@ZnO-m
has the lowest absolute AGy, which is much smaller than that
of Pt, indicating that Pt@ZnO-m can be a promising candidate
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for HER catalysts. However, Cu@ZnO-m and Pd@ZnO-m show
very inert HER activities, as they possess the most negative and
positive AGy values among all TM@ZnO-m. The calculated
AGy values for TM-doped ZnO-m are shown in Fig. 3(b). It is
obvious that, except for Co-doped ZnO-m, non-noble metal-
doped ZnO-m is not suitable for the HER because the absolute
AGy is large. Surprisingly, Co-doped ZnO-m exhibits excellent
HER performance with a AGy of —0.031 eV. In comparison,
noble metal-doped ZnO-m has relatively small absolute AGyg
values of —0.202, 0.11, 0.444, —0.083 and 0.135 eV. Then, we
found that Rh-doped ZnO-m, Ir-doped ZnO-m and Pt-doped
ZnO-m exhibit high HER activity. In summary, Pt@ZnO-m, Co-
doped ZnO-m and Ir-doped ZnO-m have extraordinary HER
performance, even better than that of the state-of-the-art
catalyst Pt.

In order to better understand the HER catalytic performance
of the above structures, we use the volcano curves to describe
the relationship between the exchange current density i, and
AGy. The model at the top of the volcano curve is considered to
be the best configuration for the HER. As shown in Fig. 3(c),
Pt@ZnO-m is at the top of the volcano curve with the largest
exchange current density, which indicates its excellent HER
performance. Cu@ZnO-m, Co@ZnO-m and Ir@ZnO-m display
low exchange current densities due to large negative AGy
values. In other words, the intrinsic reason is that the H atom

®)

TM doped ZnO-m
1.2 A *

1.0
0.8 4
0.6 4

é E% ...... 1[ .......... / ‘.*./..‘x./t___

0.2 4
-0.4
-0.6 *
0.8 - *

1.0

T

T T T T
Fe Co Ni Cu Mo Ru Rh Pd Ir Pt
Noble metal

Non-noble metal

@

0 Co TM doped ZnO-m

124

* Rp

24

o] Pt
2 41 B4
E 84 \"(.
- J Fe
S0 Ee
E

144
16 4
184
20 4
22

1.4 -12 -1.0 -08 0.6 -04 02 0.0 02 04 06 08 1.0 12 14
AGy (eV)

Fig. 3 Calculated Gibbs free energies (AGy) of (a) TM@ZnO-m and (b) TM-doped ZnO-m for H adsorption. Volcano curves of the exchange current
density ip of (c) TM@ZNO-m and (d) TM-doped ZnO-m as a function of AGy.
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is adsorbed too tightly in these three models. Meanwhile,
Ni@ZnO-m, Ru@ZnO-m and Pd@ZnO-m also exhibit low
current densities caused by large positive AGy values. Here, the
adsorption of H atoms on them is too weak. However, the situa-
tion of TM-doped ZnO-m is different from that of TM@ZnO-m
when studying the exchange current density, as shown in Fig. 3(d).
First, unlike Co@ZnO-m and Ir@ZnO-m, Co-doped ZnO-m and Ir-
doped ZnO-m showcase high exchange current densities, which
indicates their outstanding HER activity. Next, Fe-doped ZnO-m
and Mo-doped ZnO-m show low current densities with large
negative AGy. Last but not least, Cu-doped ZnO-m, Ni-doped
ZnO-m, Ru-doped ZnO-m and Pd-doped ZnO-m possess relative
low current densities, which are consistent with the corres-
ponding TM@ZnO-m systems. Overall, a good HER catalyst with
a high exchange current density must possess moderate H
adsorption energy, which is neither too strong nor too weak.

pH dependence of the HER

In electrocatalytic water splitting for H, production, the HER
can be performed in acidic, basic or neutral media. Among
these conditions, the HER in alkaline and neutral media is the
most challenging because their kinetics are slowed down by the
need for an additional water dissociation step. The most active
HER catalyst in acidic media, platinum (Pt), shows two to
three orders of magnitude lower activity when operated in
neutral media.®” Thus, studying the pH-dependent HER
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performance of the catalytic models is extremely important.
To better understand the effect of pH on the HER performance
of all modified ZnO-m samples, the pH-dependent AGy was
calculated. As shown in Fig. 4, the adsorption strengths of H
atoms in different modified ZnO-m structures decrease with an
increase of the pH value. The pH-dependent HER properties of
TM®@ZnO-m and TM-doped ZnO-m differed.

The relationship between AGy and pH for non-noble
metal@ZnO-m is shown in Fig. 4(a). In the pH range from
0 to 14, the lines of Ni@ZnO-m and Cu@ZnO-m are not located
in the high HER activity range (—0.2 to 0.2 eV). For Co@ZnO-m,
this line completely spans the high HER activity range and
remains in acidic, basic and neutral media, indicating that
Co@ZnO-m shows excellent HER activity with the widest pH
range and acid-alkali resistance. The AGy of Co@ZnO-m can
be adjusted to zero when the pH is 7.237. The relationship
between AGy and pH for noble metal@ZnO-m is shown in
Fig. 4(b). Compared with the model in Fig. 4(a) and (b) shows
more suitable HER activity. Pt@ZnO-m, Rh@ZnO-m and Ir@ZnO-m
exhibit excellent HER activities when the pH range is from 0 to 7,
while PA@ZnO-m and Ru@ZnO-m exhibit poor HER activities
because their AGy values are much larger than 0.2 eV in the whole
pH range. Like Co@ZnO-m, Ir®ZnO-m also has excellent HER
activity with the widest pH range and acid-alkali resistance. The
AGy of Ir@ZnO-m can be tuned to zero when the pH is 6.085.
As shown in Fig. 4(c), compared to non-noble metal@ZnO-m,

()

AG,, (V)

10 11 12 13 14

@ .,

AG,, (V)

T T T T T
9 10 11 12 13 14

Fig. 4 The pH-dependent AGy. (a) Non-noble metal@ZnO-m, (b) noble metal@ZnO-m, (c) non-noble metal-doped ZnO-m, and (d) noble metal-

doped ZnO-m. The HER preferable area is shown in grey (-0.2 to 0.2 eV).
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non-noble metal-doped ZnO-m show some similarities and differ-
ences. First, the lines of Ni-doped ZnO-m and Cu-doped ZnO-m
are not located in the high HER activity range, which is the same
as that of the corresponding non-noble metal adsorption struc-
tures. Then, Fe-doped ZnO-m and Mo-doped ZnO-m exhibit high
HER activities when the pH ranges from 7 to 14, which indicates
that they have highly alkaline HER performance. Besides, Fe-
doped ZnO-m has the widest pH range among non-noble metal-
doped ZnO-m. However, Fe@ZnO-m and Mo@ZnO-m show rela-
tively good HER activities in acidic media. Moreover, unlike
Co@ZnO-m, Co-doped ZnO-m has a much poorer alkaline HER
activity. As shown in Fig. 4(d), apart from Pd-doped ZnO-m, it is
obvious that Pt-doped ZnO-m, Rh-doped ZnO-m, Ir-doped ZnO-m
and Ru-doped ZnO-m show high HER activity when the pH ranges
from 0 to 7. Last but not least, Ru-doped ZnO-m shows excellent
acidic HER activity over the widest pH range.

Electronic properties and HER mechanism analysis

In the SAC models we studied, Pt@ZnO-m, Co-doped ZnO-m
and Ir-doped ZnO-m showed superior HER performance
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compared to Pt. Then, we focus on these three HER catalysts
and analyze their electronic structures by calculating the den-
sity of states (DOS), including the total density of states (TDOS)
and the partial density of states (PDOS). Additionally, we
further explore their HER mechanisms. The charge density
difference of H on Co-doped ZnO-m is also calculated to
understand the electron distribution during the adsorption
process. Judging from the TDOS depicted in Fig. 5(a)-(c),
Pt@ZnO-m, Co-doped ZnO-m and Ir-doped ZnO-m all behave
as metals without band gaps, and it is an amazing and fantastic
phenomenon that these three modification ways could transi-
tion the ZnO-m semiconductor into a metal. Notably, Pt@ZnO-
m, Co-doped ZnO-m and Ir-doped ZnO-m exhibit metallic
properties attributed to the appearance of sharp DOS peaks at
the Fermi level. The metallic conductivity enhances the effi-
ciency of charge transportation for the HER, which accounts for
their outstanding HER performance. Next, we mainly analyze
the DOS peaks at the Fermi level by calculating the PDOS, as
shown in Fig. 5(d)—(f). Pt-5d, Co-3d and Ir-5d orbitals are the
main contributors to the DOS peaks. Therefore, the transition

(@) (b) ‘ ©
—— ZnO-m E — ZaO-m —— ZnO-m
—— Pt@ZnO- 120 4 1 = Codoped ZnO-m “
H@Za0-m ' B = Ir doped ZnO-m
100 4 ;
% z 80 2
g g R
60
40 4 W
21 ‘,\,WJ
v J
)
7 0 I | NV ’J} o
1 2 34 s 5 4 3 2 a0 1 2 3 4 s 1 2 3 4 s
Energy (eV) Energy (eV) Energy (eV)
(@ “1 € 17— ® «
' . ~ -
! P@Zn0-m — '(°d°Pfd ZnO-m ~—— Ir doped ZnO-m
' . — Zn-3d — ZIn-3d
H Za3d ] —— Znds J—
i —— Znds s 30 Zads
! 0-2p &4 0-2p
' Co-3d Ir-5d
' Pt-5d 60
'é ! Pt-6s 5 5 Ir-6s
2 204 4 E 2 204
40 4
10 4
20
0 . ' . ' . ' e 04 v ' —— 04 ; T T /]
0.0 05 1.0 15 2.0 0.5 0.5 1.0 15 2.0 08 0.5 1.0 15 2.0
Energy (eV) Energy (eV) Energy (eV)
.
@ - () - @
) H* M slab+H,
) a— o i +H,
e _‘_‘ / U - H M ﬁu.b H,
> 024 1 \ ! z . 0.108 13"
z b h 2
y J0.697 —_—
? . N O g ol vo-ob-se-
H 2 g -] QQM
2 Y ; z -00-0t-a0-
= 064 \ / P
— 044
08 o
-00—go-0o- Co doped ZnO-m
— Pt@ZnO-m [ ;
10 06

Reaction Coordinate

Reaction Coordinate

Fig. 5 The total density of states (TDOS) of (a) Pt@ZnO-m, (b) Co-doped ZnO-m, and (c) Ir-doped ZnO-m. The partial density of states (PDOS) of (d)
Pt@ZnO-m, (e) Co-doped ZnO-m, and (f) Ir-doped ZnO-m. Vertical dashed lines represent the Fermi levels. The HER mechanism of (g) Pt@ZnO-m, and
(h) Co-doped ZnO-m and Ir-doped ZnO-m. (i) Charge density difference of Co-doped ZnO-m after H atom adsorption (the isosurface is 0.001 e A~3)
(the yellow region shows charge accumulation, and the blue region shows charge depletion).

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 5848-5857 | 5853


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05241a

Open Access Article. Published on 20 January 2024. Downloaded on 10/22/2025 8:51:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
(a) 04 (b) o (c) o P —e— H adsorption energy
—=— H adsorption energy ¥ 7 === H adsorption energy 031 IrdopedZuOm _, g jcorption ]
o Pl@Zn0-m P! v 034 Codoped ZnO-m H ad P - e adsorption free energy
—e— H adsorption free energy sorption free energy =
L T T L
=01 = 01 e
3 2 3
g2 00 200 i z
E‘ EI '/f.? \ 2
& & H &
= 04 = 01 i E T =
N |
__________ i e o
02 a2 (W
. 1 ./\:'\—‘\"\- -
08
04 T T T 04 T T T T T 09

4 2 0 2 4 4 2

Strain (%)

© -

Strain (%)

—— Co doped ZnO-m

T
'
4 0.544 ¢\ H Strain = -2%
300 '
\ 5
'
'

pOS
g

— Ir doped ZnO-m

1.331 ¢V, Strain =-2%

2
3

DOS

/

5"’);

Energy (eV)

s 4 3 2 1 0 1 2 3 4 s

0 T T T T

WW
s 4 3 2 1 0 1 2 3 4

Energy (eV)

s

Fig. 6 Variation of the H adsorption energies and free energies as a function of (a) Pt@ZnO-m, (b) Co-doped ZnO-m, and (c) Ir-doped ZnO-m with

strain. The DOS of (d) Co-doped ZnO-m with —2% strain and (e) Ir-doped

from the semiconductor to the conductor originates from the
spare electrons in the d band of the introduced Pt, Co and Ir
atoms. In addition, due to the overlap of the PDOS profiles of
various atoms, there exist obvious hybridizations in the PDOS,
such as Pt-5d and O-2p orbitals, Pt-5d and Zn-3d orbitals, Co-3d
and O-2p orbitals, and Ir-5d and O-2p orbitals, representing
Pt-O, Pt-Zn, Co-0, and Ir-O interactions.

In addition, we explore the HER mechanisms of these three
models, as shown in Fig. 5(g) and (h). Due to the lower free
energy, the adsorption of the second H atom on the surfaces of
Pt@ZnO-m, Co-doped ZnO-m and Ir-doped ZnO-m is relatively
simple, which indicates that the HER process may follow the
Volmer-Tafel mechanism. In the first Volmer step, one H atom
is adsorbed on the TM site. Then, the second H atom is also
adsorbed on the TM sites, except for the TM-adjacent sites
(O sites) for Co-doped ZnO-m. By adsorbing one H atom to
adsorbing two H atoms, the energies of Pt@ZnO-m, Co-doped
ZnO-m and Ir-doped ZnO-m gradually decrease, and the corres-
ponding values are —0.68, —0.105 and —0.33 eV, respectively.
The rate-determining step of the Volmer-Tafel mechanism is
H, desorption and the calculated energy barriers are 0.697,
0.136 and 0.413 eV, respectively. All of these energy barriers are
relatively low, comparable to that of Pt(111) (~0.82 eV);*
hence, H, desorption can easily occur on Pt@ZnO-m, Co-doped
ZnO-m and Ir-doped ZnO-m.

Finally, the charge density difference of H on Co-doped ZnO-m
is calculated to understand the electron distribution during the
adsorption process. As can be seen from Fig. 5(i), an obvious
charge accumulation region appears between the Co and H atoms
and charge depletion is above the H atom and below the Co.
Based on the above analysis, there is a certain degree of chemical
interaction between Co and H with overlapping states and charge

5854 | Phys. Chem. Chem. Phys., 2024, 26, 5848-5857

ZnO-m with —2% strain. Vertical dashed lines represent the Fermi levels.

density redistribution, resulting in a zero approached AGy, which
is better than that of Pt.

The effect of strain on the HER activity

Strain engineering is a useful approach for tuning various
properties of functional materials.***° Recently, strain engineering
has been shown to play a considerable role in optimizing HER
performance.” Here, biaxial strains ranging from —4% to 4% are
employed to explore the HER activity of Pt@ZnO-m, Co-doped
ZnO-m and Ir-doped ZnO-m. The results are shown in Fig. 6(a)—(c).
For Pt@ZnO-m, the H adsorption energy decreases gradually with
increasing strain while AGy shows the opposite trend. When
the strain ranges from —4% to 4%, AGy ranges from —0.116 to
0.173 eV, which is located in the high HER activity range (—0.2 to
0.2 eV). However, for Co-doped ZnO-m and Ir-doped ZnO-m, the
H adsorption energy first decreased and then increased within the
stress range. On the contrary, AGy first increased and then decreased.
Furthermore, Co-doped ZnO-m maintained high HER performance
over the strain range, but Ir-doped ZnO-m did not. The inflection
points are marked by black dotted coils, as shown in Fig. 6, and the
corresponding strain is —2%. The possible intrinsic reasons are
analyzed using DOS, as shown in Fig. 6(d) and (e). Compared to
the DOSs of Co-doped ZnO-m and Ir-doped ZnO-m, it is clear that
new and sharp DOS peaks appear at —0.544 and —1.331 eV below the
Fermi level at —2% strain. Therefore, changes in the electronic
structure may affect the catalytic activity of the material.

Conclusions

In conclusion, the potential use of TM-atomically adsorbed and
TM-doped ZnO monolayers as electrocatalysts for the HER has

This journal is © the Owner Societies 2024
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been systematically investigated using DFT calculations. All
TM-adsorbed and -doped ZnO monolayers are energetically
stable. The calculation of AGy shows that the absolute AGy
values of Pt@ZnO-m, Co-doped ZnO-m and Ir-doped ZnO-m are
all smaller than that of Pt, and the optimal value of Pt@ZnO-m
is —0.017 eV. The exchange current density is highly correlated
to AGy and shows a volcano-like trend. The HER catalysts
TM®@ZnO-m, Co@ZnO-m and Ir@ZnO-m exhibit high HER
activities with the widest pH range and acid-alkali resistance.
The TM-doped ZnO-m, Fe-doped ZnO-m and Ru-doped ZnO-m
show good HER performances with the widest pH range in
alkaline and acidic media, respectively. Moreover, the Volmer-
Tafel mechanism is favorable for Pt@ZnO-m, Co-doped ZnO-m
and Ir-doped ZnO-m. Pt@ZnO-m and Co doped ZnO-m main-
tained excellent HER performances in the strain range of —4%
to 4%. Through electronic structure analysis, the excellent HER
activities of Pt@ZnO-m, Co-doped ZnO-m and Ir-doped ZnO-m
are mainly attributed to their metallic properties. However, the
transition from semiconductor to conductor originates from
the spare electrons in the d band of the introduced Pt, Co and
Ir atoms. Overall, our study suggests that single transition
metal atom-adsorbed and -doped ZnO monolayers, especially
Pt@ZnO-m, Co-doped ZnO-m and Ir-doped ZnO-m, have better
HER activities than the existing noble metal catalysts, which
can be advantageous for designing SACs with high catalytic
performance.
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