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HIGHLIGHTS

e Surface energy and surface Pourbaix diagram reveal that ZrO, (Tl 1) is the most thermodynamically stable facet and is preferentially

occupied by HO* at the equilibrium potential of oxygen evolution reaction (OER).

® Microkinetic modeling analyzed the OER activity of 40 single-metal doped ZrO, and identified 16 metals exhibit improved catalytic

activity, with Rh and Fe dopants showing the remarkable improvement.

e Thermodynamic free energy diagrams, density of states analysis, and ab initio molecular dynamics simulations further confirm that
Fe-ZrO, and Rh—ZrO, are highly promising catalysts for OER, showcasing low AG for the rate-determining step, high conductivity,

and exceptional stability.

ABSTRACT The design of cost-effective electrocatalysts is an open [ - : s - — S =
challenging for oxygen evolution reaction (OER) due to the “stable-or- 2 N : e Y N < -
active” dilemma. Zirconium dioxide (ZrO,), a versatile and low-cost B ™ 00
material that can be stable under OER operating conditions, exhibits - o,

inherently poor OER activity from experimental observations. Herein,
we doped a series of metal elements to regulate the ZrO, catalytic
activity in OER via spin-polarized density functional theory calcula-

tions with van der Waals interactions. Microkinetic modeling as a func-
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tion of the OER activity descriptor (Gg«Gyo+) displays that 16 metal 2 2% R < 3 < b o S B = D

dopants enable to enhance OER activities over a thermodynamically
stable ZrO, surface, among which Fe and Rh (in the form of single-atom dopant) reach the volcano peak (i.e. the optimal activity of OER
under the potential of interest), indicating excellent OER performance. Free energy diagram calculations, density of states, and ab initio
molecular dynamics simulations further showed that Fe and Rh are the effective dopants for ZrO,, leading to low OER overpotential,
high conductivity, and good stability. Considering cost-effectiveness, single-atom Fe doped ZrO, emerged as the most promising catalyst
for OER. This finding offers a valuable perspective and reference for experimental researchers to design cost-effective catalysts for the

industrial-scale OER production.
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1 Introduction

Proton exchange membrane water electrolysis offers an
attractive means to store and convert renewable energy
into sustainable hydrogen [1-3]. Water electrolysis com-
prises two half-reactions: oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER). Extensive studies
have displayed that OER on the anode suffers from sluggish
kinetics and poor stability resulting in a significant efficiency
loss, thereby becoming the main obstacle for the practical
implementation of electrochemical water splitting [4—11].
Therefore, it is vital to rationally search and design OER
electrocatalysts with high activity and durability. Moreover,
maintaining a delicate equilibrium between stability and
activity poses a significant challenge for various electro-
catalysts under OER operating conditions.

Zirconium dioxide (ZrO,), a highly sustainable material,
has excellent thermal stability, making it highly desirable
in various applications. For instance, nano-ZrO, displayed
remarkable aromatic selectivity and stability during a 120-h
test [12]. ZrO, also boasts exceptional hydrothermal stabil-
ity during the CO, methanation process under high tem-
peratures and pressures [13]. Notwithstanding this, the OER
activity of ZrO, was known to be notably low [14-16]. Dop-
ing, a frequently utilized and remarkably efficient modula-
tion strategy, can enhance the electrical conductivity and
catalytic performance of materials [17-21]. For example,
Mishra et al. demonstrated that optimal cobalt doping (5%)
in CuO improved OER activity significantly with a low over-
potential of 120 mV and a small charge transfer resistance of
2.58 Q [22]. Additionally, Fu and co-workers demonstrated
that Ce dopant induced electron redistribution of CoO to
stabilize Co—O bonds and displayed an optimal binding
strength with OER intermediates, manifesting favorable
activity with an overpotential of 261 mV [23]. Therefore,
it is possible to leverage the inherent stability of ZrO, to
conduct single-atom doping research, aiming to ensure its
stability while enhancing its activity.

Herein, we analyzed the electronic structure and OER
performance of ZrO, by doping a series of metals with
flexible valence states, based on spin-polarized density
functional theory calculations with van der Waals correc-
tions (DFT-D3). First, we identified the thermodynamically
stable ZrO, surface, the (Tll) surface, based on surface
energy calculations with benchmarking with experimental
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literature. Subsequently, we analyzed the surface state of
the identified stable ZrO, surface via surface Pourbaix dia-
gram calculations and found that the ZrO, surface tends to
be occupied by HO* under solution conditions at OER equi-
librium potential. Finally, via a stratified catalyst design and
screening strategy with various potential dopants for ZrO,
(Fig. 1a), we identified Fe as a promising dopant element
by considering the effects of potential radiation, abundance,
stability, activity, and cost-effectiveness. This work provides
experimentalists with potentially superior catalysts worthy
of future validation.

2 Computational Details

The Vienna ab initio simulation package (VASP) was
used to perform all spin-polarized DFT calculations [24,
25]. The generalized gradient approximation (GGA) in
the form of revised Perdew—Burke—Ernzerhof (RPBE)
[26] was employed to describe the exchange—correla-
tion potentials. The Hubbard U parameter, representing
the strong correlation repulsion energy between electrons
with opposite spins, was added to the Fe (U=4 eV) [27,
28], Co (U=3 ¢eV) [29, 30], Ni (U=6.6 eV) [31], and
Mn (U=4 eV) [27, 32] 3d electrons. The electron—ion
interaction was described with the projector-augmented
wave method [33]. A plane-wave basis set of 480 eV
was adopted. ZrO, generally exists in three polymorphs
[34-36]: monoclinic at room temperature, tetragonal at
1480-2650 K, and cubic at> 2650 K. Because the high
thermodynamic stability is compulsory for conventional
electrocatalysis under room temperature, herein, we further
discuss the ZrO, in a monoclinic form. Initial magnetic
moments of 5, 0.6, 5, and 5 are set for the magnetic mate-
rials Fe, Co, Ni, and Mn, respectively. The zero-damping
DFT-D3 method of Grimme was used to correct the van
der Waals interactions [37]. The convergence criterion was
set to be lower than 0.02 eV A~! for the force and 107° eV
per atom for energy. A 2X2 X 1 Monkhorst—Pack was
used for k-point sampling to describe the supercell [38].
A vacuum layer of 18 A was set in the z-direction to avoid
the interaction between periodic images. We employed
ab initio molecular dynamics (AIMD) simulations in a
canonical NVT ensemble to assess the thermodynamic sta-
bility of structures. The whole simulation lasted for 10 ps
with a time step of 2 fs at 300 K. Furthermore, crystal

https://doi.org/10.1007/s40820-024-01403-7
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Fig. 1 a Proposed strategy for screening metals capable of enhancing the OER activity of ZrO, via doping. b Calculated surface energies of the
three low-index slabs of monoclinic ZrO,. More details can be found in Fig. S1

orbital Hamilton population (COHP) was also calculated
to analyze the local chemical bond properties in periodic
systems. COHP is obtained via multiplying the Hamilto-
nian matrix by the corresponding DOS matrix. Combin-
ing it with the powerful LOBSTER tool [39], capable of
handling plane-wave basis sets, allows for the visualization
of COHP diagrams and analysis of bond strength.

The changes in Gibbs free energies for each elementary
step were calculated using the following equation [40]:

AG = AE + AZPE — TAS + / C,dT + AG,; + AGy (1)

where AE, AZPE, AS, and Cp are the changes in the elec-
tronic energy directly obtained from DFT, zero-point energy,
entropy, and heat capacity, respectively. T'is the temperature
(298.15 K). The entropies of molecules in the gas phase
were acquired from the NIST database. AG,, is the free
energy contribution due to the variations in H concentration,
expressed by the Nernst equation as AG,,; = 2.303kzTpH.
In this work, we set pH to zero. AG;; = —neU, where n was
the electron transfer number and U was the applied potential.

Under the acidic condition, the thermodynamic potential
for the oxidation of H,O to produce O, involving 4 electron
transfers is described as:

2H,0 — O, + 4H" + 4e” )
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The thermodynamic overpotential (1) is the important
indicator to judge the catalytic activities of a catalyst, which
can be obtained by using the following equation:

AG

p = 2Zmes o3y 3)
e

where AG,,,, is the maximum free energy change among the

four elementary steps, and 1.23 V is the equilibrium poten-
tial. A lower n implies higher catalytic activity, and the # of
an ideal catalyst is zero.

The surface energy is the energy required to break inter-
molecular chemical bonds when creating a new surface,
expressed by the formula [41, 42]:

[E

slab—unrelax

Vs = 24 A

slab—relax — Eslab—unrelax]

_NEbulk] + [E

“
where E e A0 Egup_rerar 15 the total energy of the
unrelaxed and relaxed slab, respectively. E,,; is the bulk
energy per atom, N is the number of atoms in the slab, and
A is the surface area. The kinetic volcano model was derived
based on the potential-dependent kinetic information as a
function of current density and adsorption free energies of
HO* and O*, with the details and parameters shown in Ref.
[43].

The surface Pourbaix diagram was built based on the

computational hydrogen electrode (CHE) method [40],

@ Springer



180 Page 4 of 12

Nano-Micro Lett. (2024) 16:180

which offers thermodynamic insights into the water acti-
vation-induced surface coverage of an electrocatalyst under
operating conditions [44—46], expressed as follows:

H,0% + (2m —n)(e"+H*) 2% +mH,0 3)

where m and n are the number of oxygen and hydrogen
atoms of the adsorbate, respectively. The differences in free
energy were calculated using:

AG = Gbare + mGHZO - Gzotal —@2m—n)

(%H2 ~ Ugyp = 2303k, T 5 pH )

(6)

Here, Ugyy, refers to the potential relative to the standard
hydrogen electrode (SHE), and kj is the Boltzmann constant
(8.617343x 107 eV K™!). The surface Pourbaix diagrams
were modeled with the CatMath online platform through
cloud computing [47].

3 Results and Discussion
3.1 Surface Energy and Surface Pourbaix Analysis

The most stable phase of ZrO, at low temperature is mono-
clinic [36] taking the P2,/c space group, and the optimized
lattice parameters (a=5.15 A, b=5.26 A, c=5.30 A)
closely match the experimental values [48]. To determine
the most stable exposed facet, we conducted surface energy
calculations on three representative low-index planes,
namely (Tll), (111), and (101), all of which are intricate
models featuring O-terminated, Zr-terminated, and Zr and
O co-terminated interfaces. Figure S1 provides a visual
representation of all possible surface structures maintain-
ing a stoichiometric ratio consistent with the bulk, along
with their corresponding surface energy values. A lower
surface energy indicates a higher propensity for the forma-
tion of chemical bonds, thus suggesting a thermodynamic
preference for crystal growth along that specific plane.
The minimum surface energy values for (Tl 1), (111), and
(101) planes are 0.725, 0.930, and 1.142J m~2, respec-
tively (Fig. 1b). This implies that ZrO, (111) is the most
thermodynamically stable exposed facet, aligning consist-
ently with earlier theoretical prediction and experimental
observation [49, 50]. This finding identifies an important

© The authors

substrate model, ZrO, (Tll), which is a prerequisite for
OER activity analysis.

As Fig. 2a illustrated, O-terminated ZrO, configura-
tion holds many various adsorption sites. H*, O*, or HO*
species generated through water activation are possible to
pre-covered on the surface of catalysts under OER operat-
ing conditions, which renders the oxide system may devi-
ate from its pristine stoichiometric form [43] and exerts
substantial influences on reaction overpotential. Surface
Pourbaix analysis can provide a valuable approximation of
the real state under OER conditions [44—46]; thus, we cal-
culated the surface Pourbaix diagram (Fig. 2b). The results
illustrate that the surface of ZrO, will be initially occupied
by HO* at Ugyg > 1.13 V vs. reversible hydrogen electrode
(RHE), which is lower than the equilibrium potential of
OER (1.23 V vs. RHE); that means, under working condi-
tions, the surface is no longer in its pristine state but instead
adopts a restructured configuration enriched with HO*.
However, given that HO* also serves as the initial adsorp-
tion intermediate of OER, we can directly use the original
model to analyze the OER activity. Surface Pourbaix dia-
gram provides a detailed analysis of the surface occupation
states to help us obtain a theoretical substrate model that is
closer to the experiment. To assess the viability of doping
various metals onto the ZrO, surface, we calculated the
doping formation energy (Fig. 2c). The most stable doping
configurations for each metal are shown in Figs. S2 and
S3. Generally, the doping formation energy is calculated to
assess the thermodynamic stability of catalysts, wherein the
negative value indicates the high stability and vice versa. As
Fig. 2¢ shows, Cu, Ag, Au, and Hg dopants exhibit positive
formation energies, which means these dopants are diffi-
cult to replace Zr and fix on the ZrO, stably. Conversely,
the remaining metal dopants display negative formation
energies, indicating they are thermodynamical feasibility
to substitute Zr and form stable catalysts. All feasible metal
elements for doping are listed in Fig. 2d, which are sub-
sequently investigated for the OER analysis. Specifically,
metals are arranged in the order of the periodic table of ele-
ments except Al. The yellow, pink, blue, green, and purple
backgrounds correspond to elements from the third, fourth,
fifth, sixth periods, and rare earth elements, respectively.
This order can identify elements in empty positions, which
are subsequently disregarded.

https://doi.org/10.1007/s40820-024-01403-7
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Fig. 2 a Optimized configuration of ZrO, with top and side views. The purple and red spheres represent Zr and O, respectively. b Calculated
surface Pourbaix diagram of the ZrO, surface. ¢ Formation energy values of different single-metal atoms doped ZrO,. d The feasible metals for

doping on the surface of ZrO,.

3.2 OER Activity Screening Based on the Volcano
Activity Model

The Gg+-Gyo- 1s generally regarded as a crucial descriptor
for evaluating OER activity since it quantifies the capacity
of surface oxygen atoms to make and break bonds with
hydrogen and oxygen atoms, which is prone to be the
most thermodynamically challenging reaction steps for
OER [2, 43, 51]. To achieve more accurate predictions,
we employed the microkinetic modeling as the function of
Go«-Gyp+ and potential at various currents [43, 52]. The
current curves were obtained by numerically solving the
rate of HOO formation considering the O — HOO transi-
tion state. Figure 3a illustrates the kinetic OER activity
relating potential to Gq«-Gyo+ at a current density of 5
u A cm™, featuring the characteristic volcano-shape. On
the left side of the peak, decreased G+ Gy« values cor-
respond to lower OER kinetic activity. Similarly, catalysts
exhibit the decaying OER performance along the right arm
of the volcano curve. Catalysts close to volcanic peaks,
such as Co, Mn, Rh, Fe, and Pt, demonstrate good cata-
lytic activity. Especially, Rh sitting at the volcano peak,
with an optimal G:-Gyq+ value, requires relatively low

overpotentials to achieve high reaction rates in acidic solu-
tions, demonstrating the highest OER activity. In addition,
we plot potential as a function of Gg:-Gyos at | mA cm™
(Fig. S4) and 1 A cm™? (Fig. S5), and the results dis-
play that the activity order may change as the current
increases, but the qualitative order remains constant;
that is, a good catalyst is always good at different cur-
rents. Figure 3b displays a linear scaling relation between
the adsorption energy of O* (Ey.) and HO* (Eyg«),
with the identified slope and intercept close to those of
higher-index (where h?+ k> + [>> I) metal oxide surfaces
[52]. Figure 3c further demonstrates that the adsorption
energy of HOO* (Eygo+) and Eyg« exists a good linear
correlation and a constant difference between Eygo«
and Eyq« on effectively doped catalysts, which implies
Ghoo* — Guor = (Ggx — Gyox) + (Gyoo+ — Go+) = constant,
i.e., Gyoox — Go* = (Gosx — Gyp+) + [constant(G g« — Gy
)]. Therefore, Gy« — Gy« serves as a distinctive descrip-
tor elucidating the OER activity, further reinforcing the
rationale behind the selection of Fig. 3a. Furthermore,
Eyo+ and £,-up/e ,~-down demonstrate a robust linear cor-
relation, as depicted in Fig. 3d. Such correlation offers
valuable insights into finding optimal HO binding energies

@ Springer
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Fig. 3 a Kinetic OER activity volcano model as a function of Gg.-Gyo« at 5 4 A cm™ (black line). b Scaling relation between Eg. and Eggs on
feasible metals doped ZrO,. The linear scaling relations of Eygs vs. ¢ Eyyo+ and d £, on elevated metal doped ZrO,. e A heatmap represents the
magnitude of values as a color. Values (unit eV) were obtained by Gq«-Gyg«= 1.5, and darker colors correspond to lower values implying higher

activity.

by manipulating the £, value. Generally, the optimal OER
catalyst has surface hydroxide deprotonation free energy
value of 1.5 to 1.7 eV [43, 53-55]. In our work, taking
1.5 eV as the standard fits well with the dynamic trend
(Fig. 3a), we use (Gg« — Gyp«=1.5 eV) as the descrip-
tor to further embody catalytic behavior. A smaller abso-
lute value of (Gg« — Gyo«=1.5 €V), represented by a
darker color, suggests better OER performance (Fig. 3e).

© The authors

Figure 3e selects all metals closing to the volcanic peak
exhibits improved OER performance compared to the
pristine ZrO,, in which Rh has the best catalytic activity
with values closest to zero. Theoretical overpotential (),
a fundamental thermodynamic parameter, has emerged as
a crucial metric for evaluating and predicting the OER
performance of catalysts. Thus, we plot # as a function

of Go+ — Gyo+, which has a volcano relationship (Fig.

https://doi.org/10.1007/s40820-024-01403-7
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S6). Rh standing on the peak of the volcano map exhibits
the highest OER activity with minimum 7, followed by
Fe, Pt, etc. This thermodynamic volcano diagram trend
is roughly consistent with the dynamic volcano diagram
(Fig. 3a), and the gap may be attributed to the omission
of transition states in thermodynamics. To acquire a more
profound comprehension of the impact of doping on the
electronic properties of the catalyst, we calculate the den-
sity of states (DOS) of ZrO, (Fig. S7a). Near the Fermi
level, the valence band is predominantly contributed by O
orbitals, while the conduction band is primarily composed
of Zr orbitals. A wide forbidden region exists between the
top of the valence band and the bottom of the conduction
band with a bandgap of 2.6 eV, further observed by the
band structure diagram (Fig. S7c). Also, the precise HSE
functional displayed that ZrO, is a semiconductor material
with a wide bandgap of 4.45 eV (Fig. S7b). Figures S8
and S9 show the DOS of metal doped ZrO,. The bandgap
values exhibit a progressively decreasing trend in the fol-
lowing order: Ir (2.54 eV), Ru (2.49 eV), Sn (2.28 eV), Ti
(1.82 eV), and Cr (1.71 eV). In, Sm, Pr, Fe, Nd, Ni, Pd,
Ga, Co, Pt, Mn, and Rh metals, on the other hand, induce a
direct transformation of the catalyst from a semiconductor
to a semi-metallic property characterized by a band gap
of 0 eV, effectively promoting the electron transfer and
thereby improving the conductivity of the ZrO,. In short,
the microkinetic volcano diagrams screen out some prom-
ising catalysts, the linear relationship obtains the abnormal
adsorption points and the correlation between different
adsorbates, and DOS uncover enhanced conductivity of
catalysts through doping.

3.3 Free Energy Analysis

Gibbs free energy diagrams were established to visualize
the OER intermediate formations of four doped metals
closest to the volcanic peak and with stable intermedi-
ates. Figure 4a exhibits the free energy diagram of OER
on ZrO,. The first step, the formation of HO*, is thermo-
dynamically feasible. Then, HO* dissociates into H* and
O*, which is thermodynamically challenging with a higher
onset potential of 2.15 V. The next proton-electron trans-
fer steps of HOO* formation and the generation of O, in
the last step are energetically supported. Therefore, HO*

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

deprotonation to generate O* on ZrO, is the most challeng-
ing step, which is the potential determining steps (PDS),
requiring a n of 0.92 V to make all steps thermodynami-
cally downhill (watermelon red line). Similarly, HO*— O*
is the PDS of Ti-ZrO, with a n of 0.63 V, Pt—-ZrO, with
a n of 0.54 V, Fe-ZrO, with a n of 0.36 V and Rh-ZrO,
with a 7 of 0.26 V (Fig. 4b—e), which aligns closely with
the microkinetic volcano diagram trend (Fig. 3a). The
specific adsorption energies of O* and HO* are calcu-
lated in Fig. 4f. The order of adsorption strength for O* is
Rh-ZrO, > Pt-ZrO, > ZrO, > Fe-Zr0O, > Ti-Zr0,, and that
of HO* is Pt-ZrO, > Rh—ZrO, > ZrO, > Fe-ZrO, > Ti—Zr0,,
which is further explained by the charge density difference
map (Fig. S10 and inset in Fig. 4). In short, the free energy
diagram reveals that Fe-ZrO, and Rh-ZrO, are highly
active catalysts with only slightly higher AG.

For the comparison of different adsorbate species, we
relied on thermodynamic analysis, while the dynamic fac-
tor was lacking. Therefore, we performed AIMD simu-
lations on Rh-ZrO, with different species based on its
optimal catalytic activity (Fig. S11a—c). The results show
that they are thermodynamically stable. In addition, we
also evaluated the thermal stability of ZrO,, Fe-ZrO,, and
Rh-ZrO, (Fig. S11d—f). The results demonstrate that these
systems maintain their structural integrity, in which energy
and temperature oscillate around equilibrium within ther-
mal perturbations. Thus, they remain thermodynamically
stable and catalytic activity for extended duration.

3.4 Interatomic Bond Strength Analysis

COHP can provide insights into the strength and nature
of chemical bonds between atoms. Integrated COHP
(ICOHP) is a quantitative method for measuring chemical
bond strength, and a more negative ICOHP value indicates
a stronger bond strength between atoms. As Fig. 5 exhib-
ited, we calculate the COHP and ICOHP of metal-O (O*
and HO*) bond to deeply understand the bonding mecha-
nism. The sequence of bonding strength with O* is Rh
(—3.28eV)>Zr (—2.07eV)>Fe (— 1.91 eV) (Fig. 5a—c),
and with O in HO* is Rh (— 1.83 eV)>Zr (— 1.66 eV) > Fe
(— 1.58 eV) (Fig. 5d-f). The ICOHP values explain the
adsorption energy trend well. The strong bonding interac-
tion between Rh and O* and HO* results in a lower energy
requirement for stabilizing the OER intermediates, which is

@ Springer
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efficiency. The Rh doping exhibits a lower overpotential, but
its shortage limits industrial application. In contrast, Fe, a
cost-effective and readily available metal, has not only been
successfully doped into ZrO, in experiments [56—58] but
also regraded as an ideal dopant for enhancing OER activity
[59, 60]. Therefore, Fe holds great promise as a modulating
agent for industrial-scale OER application.

4 Conclusion

In summary, we have analyzed the effects of 40 different sin-
gle-metal doping to regulate the OER activity of ZrO, using a
stratified screening process based on spin-polarized DFT-D3,
surface Pourbaix analysis, microkinetic modeling, cost-effec-
tiveness analysis, and bonding analysis. We identified 16 met-
als exhibit improved catalytic activity, with Rh and Fe dopants
showing the remarkable improvement. These doped metals
reduce the band gap of ZrO,, thereby significantly increas-
ing conductivity. In addition, the thermodynamic free energy
diagram shows that the theoretical overpotential of Ti, Pt, Fe,
and Rh metals are 0.63, 0.54, 0.36, and 0.26 V, respectively,
which aligns well with the kinetic volcano model. Compared
with Fe dopant, the smaller negative €, value facilitates Rh
dopant to stabilize the OER intermediates well and thus exhib-
its higher catalytic activity, but its high cost and shortage limit
industrial-scale application. Therefore, the cost-effectiveness
Fe-ZrO, catalyst holds more promise and practicality. This
finding provides valuable insights into the design and develop-
ment of stable, low-cost, and high-performance OER catalysts
for commercial-scale water splitting.
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