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catalytic performance in
PrFeO3−d of perovskite materials via Co-doping
with Sr and VB subgroup metals (V, Nb, Ta)

Hongfei Chen, a Zhe Lü, *a Zhipeng Liu,b Yujie Wu,a Shuai Wanga

and Zhihong Wanga

The anodic catalytic capability of PrFeO3−d is restricted by the Fe-site element type in the perovskite

material structure due to its low electrical conductivity of electrons. Here, we present a strategy for

tuning the Fe-site element type via Sr and VB subgroup metals (V, Nb, Ta) co-doping to enhance the

anodic catalytic performance of PrFeO3−d anode materials. Our calculations show that Sr and Nb co-

doping has suitable hydrogen adsorption energy for PrFeO3−d anode materials, and its adsorption energy

is adjusted to −0.717 eV, which is more suitable to absorb the hydrogen molecule than other high-

profile perovskite anode materials. Meanwhile, after the doped surface is adsorbed by hydrogen

molecules, the bond length lengthens until it breaks, and one of the broken hydrogen atoms moves

directly above the surface oxygen atom, which is beneficial for accelerating the anodic catalytic reaction.

Thus, the Pr0.5Sr0.5Fe0.875Nb0.125O3−d material is a promising perovskite anode catalyst. Interestingly, the

stability of PrFeO3−d is significantly affected by the oxygen vacancy content; the structural stability of the

undoped system can be maintained via Sr and Nb co-doping to avoid decomposition, which provides

new thinking to maintain the high stability of perovskite ferrite materials. Furthermore, we find that

relative to the PrFeO3−d, the Pr0.5Sr0.5Fe0.875Nb0.125O3−d surface of hydrogen adsorption has obvious

charge transfer and upward shift of the d-band center. Our anodic catalytic theoretical work shows that

Sr and Nb co-doping can effectively enhance the catalytic performance of the PrFeO3−d ferrite materials.
1. Introduction

The fuel cell (FC) is one of the candidate energy conversion
devices investigated for improving the efficiency of new energy
conversion signicantly. Since solid oxide fuel cell (SOFC) is
shown to have a relatively excellent practical service life, long-
term stability and fuel suitability, it is considered to be
a third-generation FC with good development potential.1–9 The
following three procedures are included in the working process
of SOFC. First, the cathode side gains electrons. Next, due to the
concentration difference, oxygen ions move via the electrolyte to
reach the anode. Finally, the generated electrons move back via
an external circuit.10,11

Based on the working principle of SOFC, its various parts of
the construction materials have been widely studied. Among
them, the anode is the crucial component of SOFC with unique
selection requirements, such as conductivity, stability, thermal
expansion and catalytic capacity.12,13 The anodes currently
under study are mainly Ni-based, Cu–CeO2-based and
hnology, Harbin 150001, China. E-mail:

id Heilongjiang Electric Power Company
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Perovskite and its derived structural systems. Ni-based systems
are prevented from being used in the long term because of their
instability and high cost.14–16 An effective dry catalyst was
prepared, which could effectively reduce the carbon resistance
while increasing the power density by Yao et al., which is very
important to improve the efficiency of converting waste heat of
biogas fuel into chemical energy.17 Cheng et al. revealed the
nanocrystalline properties of NiO-YSZ materials and used
techniques to distinguish the distribution of NiO in micro-
structure fromNiO and YSZ particles.18 Cu is used to impede the
deposition of carbon from Ni-based systems because it is hard
to form C–C bonds in fuels. Nevertheless, Cu with agglomera-
tion phenomenon is considered detrimental to anodic catalysis
due to the high-temperature operation.19 Jung et al. studied the
effect of Cu distribution on wet hydrogen fuel via the impreg-
nationmethod whichmade Cu distribution in anode uniform.20

Ye et al. proposed a two-strip anode casting method, studied its
performance characteristics in different fuels, and compared its
long-term performance in high-temperature streams.21

The rise of anode material research makes people pay
attention to perovskite materials. In recent years, perovskite
and its derived structures play an important role in SOFC
electrode research.22–31 Perovskite and its derivative systems
are used in classical cathode materials. LaSr(MnO3)2, as the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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representative material of cathode, has good physical prop-
erties, cathode stability and electrode performance above
1000°.32,33 Since the perovskite cathode materials, perovskite
system anode has become a research hotspot with constantly
being explored.34–42 Cr-based perovskite is well regarded for
reducing the gas electrode and maintaining excellent
stability.43–45 In particular, Fe-based perovskite has attracted
extraordinary inquiry interest recently.46 Perovskite materials
have shown many advantages in anode applications.

Unfortunately, compared with Ni-based anode, perovskite
anode PrFeO3−d has a low electronic conductivity that greatly
restricts the anodic catalytic performance in the SOFC eld.47,48

Therefore, it's highly necessary to adopt a facile arrangement
for improving the conductivity of materials to enhance the
anodic catalytic performance. Fe-site doping is a frequent
arrangement for tuning conductivity. Whereas, single doping
usually causes more appearances of impurity defects that
trigger more serious defect structure evolution.49

To overcome the low electronic conductivity issue, Sr and
VB subgroup metals co-doping is a practical and facile
arrangement to improve the electronic conductivity of
PrFeO3−d, thus promoting the anodic catalytic reaction.
Doping with Nb elements helps to prevent the intrinsic
material from decomposing and simultaneously forms Nb–O
bonds to enhance the stability of the intrinsic structure. The
co-doping with Sr elements, with their appropriate ion radius,
can balance the valence state imbalance caused by higher-
valent doping. Although there are rare reports on the
stability and catalytic performance of PrFeO3−d, many studies
above improving the catalytic performance of perovskite
electrodes by increasing the conductivity of Fe-site element
have been reported. By comparing and investigating the
doping, redox stability and conductivity of LaCrO3, Jiang et al.
calculated that A-site doping with few basic elements can
reduce the activation energy of conductivity thus signicantly
improving the electrical conductivity.50 Shin et al. calculated
that the PrMnO3 formation energy of oxygen vacancy is
signicantly reduced compared to that of a chalcogenide such
as LaMnO3. Oxygen adsorption on the surface of LaMnO3 was
investigated by theoretical simulations. Found that the
oxygen vacancies in La0.5Sr0.5FeO3−d reduced the electrical
conductivity, ultimately leading to a metal-to-semiconductor
structural transition under low pressures.51 However, calcu-
lations of Zhou display that the oxygen vacancy formation
energy of PrMnO3 is signicantly reduced compared to that of
a chalcogenide such as LaMnO3.52 Although some progress
has been made in the experimental research and theoretical
reports on perovskite anode materials.

To date, only rare studies above tuning the bulk formation
energy, initial and nal-state with surface adsorption of the
PrFeO3−d anode via co-doping.53,54 Nevertheless, in these
reports, the initial and nal-state adsorption surface is not
calculated, which cannot fully further explain the mechanism of
anode catalysis. With our current research, few details are
regarded with the oxygen vacancy stability and adsorption
mechanism of PrFeO3−d systems under Sr and Fe-site co-
doping. From an experimental perspective, it is indeed
© 2023 The Author(s). Published by the Royal Society of Chemistry
possible to prepare the anode materials for this system. Among
them, Pr0.5Sr0.5FeO3, Pr0.5Sr0.5Fe0.875V0.125O3, and Pr0.5Sr0.5-
Fe0.875Nb0.125O3 powders were synthesized via the sol–gel
method. Pr0.5Sr0.5Fe0.875Ta0.125O3, on the other hand, was
synthesized using the conventional solid–state reaction
method.

In this theoretical calculation work, we focus on the bulk and
surface of pristine and co-doping PrFeO3−d systems, such as
bulk forming energy, oxygen vacancy formation energy and
adsorption performance. We nd that PrFeO3−d under Sr and
Nb co-doped is a promising anode catalyst due to its desirable
adsorption property value, signicant charge transfer and d-
band center moves upward. Meanwhile, the stability of the
PrFeO3−d with different oxygen vacancy concentrations and
sites is differ widely, which further illustrates the effect of
oxygen vacancy from the structure of perovskite. Sr and Nb co-
doped the adsorption property value of PrFeO3−d adjust to
−0.717 eV, that neither the catalytic effect is strong enough, nor
does it cause electrode poisoning. In addition, the structure of
the nal-states co-doped anode is conducive to the next catalytic
step. Our simulated results manifest that Sr and Fe-site co-
doped can effectively augment the anode catalytic perfor-
mance of the PrFeO3−d.
2. Calculation methods

The VASP code was executed through the whole simulated
calculations.55,56 The PAW can express the core–electron inter-
action, while the exchange and correction effects was adopted
with the GGA-PBE.57–59 The core–electron interaction refers to
the interaction between the atomic nucleus and electrons. It
arises from the Coulomb interaction, which is the interaction
between charged particles. This interaction directly inuences
the motion, energy, and distribution of electrons, thereby
determining the external behavior and chemical reactions of
atoms. In all part simulated work, the cutoff energy and the
energy convergence were tested to be 500 eV and 1.0 × 10−6 eV,
separately. The vacuum layer was set to 20 Å thickness along the
z-direction. The k-point mesh sampling for PrFeO3−d bulk and
surface in the Brillouin zone was tested to 6 × 6× 6 and 6× 6×
1, respectively. The force was set to 0.05 eV Å−1. We adopt the
DFT+U method, in which the Ueff (=U − J) Hubbard parameter
is added to the transition elements (UFe,d= 5.3 eV, UV,d= 5.3 eV,
UNb,d = 5.0 eV, and UTa,d = 4.8 eV), which was adopted in the
previous study.60–62 The maximum stress was set to 0.1 GPa. We
calculated the formation energy according to

Ef ¼ EðAaBbCcÞ � aEðAÞ � bEðBÞ � cEðCÞ
aþ bþ c

(1)

where a and E(A) are the number of the A element in
a compound and the energy aer the normalization of
elemental A. E(B), E(C), b and c are identical. To evaluate the
anodic catalytic performance, the following formula can inter-
pret the adsorption property value:

Eads = Esur–H2
− Esur − EH2

(2)
RSC Adv., 2023, 13, 28382–28388 | 28383
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Fig. 1 (a) The formation energy and (b) the optimized model of the PrFeO3−d, Pr0.5Sr0.5Fe0.875V0.125O3−d, Pr0.5Sr0.5Fe0.875Nb0.125O3−d and
Pr0.5Sr0.5Fe0.875Ta0.125O3−d bulk materials.
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where Esur–H2
and Esur are the adsorption structure energy and

the surface structure energy, respectively. EH2
is the energy of

hydrogen.

3. Results and discussion
3.1. PrFeO3−d bulk materials of pristine and co-doped

3.1.1. Bulk stability. The optimized pristine and co-doped
PrFeO3−d bulk systems are shown in Fig. 1. The pristine and
co-doped PrFeO3−d shows a perovskite structure, which is
consistent with the previous theoretical result.54 The H–H bond
distance obtained from GGA calculations is 0.750 Å, which is
inosculated with the experimental measurement.63 Excellent
stability is maintained by the Pr0.5Sr0.5Fe0.875Nb0.125O3−d of the
co-doped systems.

The oxygen vacancy formation energy of the pristine
PrFeO3−d is shown in Fig. 2. The para-0.083 oxygen vacancy
concentration has the most stable structure of the PrFeO3−d

with −1.799 eV formation energy. The PrFeO3−d with oxygen
vacancy still shows a perovskite structure, which has no lattice
distortion. The increase in oxygen vacancy can improve the
PrFeO3−d anode stability.

3.1.2. Electronic properties. The pristine and co-doped
PrFeO3−d band structure is displayed in Fig. 3. The indirect
band gap (0.110 eV) of the PrFeO3−d goes to a semiconductor
Fig. 2 (a) The oxygen vacancy formation energy and (b) optimized mode
bulk materials.

28384 | RSC Adv., 2023, 13, 28382–28388
state. The excited electrons need to undergo a secondary tran-
sition to the conduction band from the valence band transition.
Meanwhile, the semiconductor characteristics of the indirect
band gap are maintained by the Pr0.5Sr0.5Fe0.875Nb0.125O3−d, but
the band gap change to 0.238 eV. The Pr0.5Sr0.5Fe0.875V0.125O3−d

and Pr0.5Sr0.5Fe0.875Ta0.125O3−d are going to direct band gap
materials. The band degeneracy of the Pr0.5Sr0.5Fe0.875V0.125-
O3−d, Pr0.5Sr0.5Fe0.875Nb0.125O3−d and Pr0.5Sr0.5Fe0.875Ta0.125-
O3−d all are enhanced.
3.2. Pristine and co-doped PrFeO3−d (001) surface materials

3.2.1. Catalytic properties. To study the anode catalytic
properties of the PrFeO3−d with the pristine and co-doping, the
adsorption energy of the pristine and co-doped PrFeO3−d (001)
is calculated. The principle of anode catalysis is dened as:

O2− + H2 / H2O + 2e− (3)

It can be seen that the premise of the pristine and co-doped
PrFeO3−d catalytic reaction is hydrogen adsorption on the
surface of the anode materials. According to the different
adsorption sites of the same perovskite structure, the adsorp-
tion energy of the optimal adsorption site was calculated. Aer
determining the optimal adsorption site of the same material,
l of the PFO3−0.042, ortho-PFO3−0.083, para-PFO3−0.083 and PFO3−0.125

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electronic structure of the (a) PrFeO3−d, (b) Pr0.5Sr0.5Fe0.875V0.125O3−d, (c) Pr0.5Sr0.5Fe0.875Nb0.125O3−d and (d) Pr0.5Sr0.5Fe0.875Ta0.125O3−d

bulk materials.

Fig. 4 (a) The adsorption energy and (b) the optimum adsorption model of the PrFeO3−d, Pr0.5Sr0.5Fe0.875V0.125O3−d, Pr0.5Sr0.5Fe0.875Nb0.125O3−d

and Pr0.5Sr0.5Fe0.875Ta0.125O3−d surface materials.
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the adsorption energy of hydrogen at the optimal site of
different materials was compared to interpret the catalytic effect
of anode materials.

The adsorption energy value of the pristine PrFeO3−d is
−0.278 eV, much lower than the adsorption energy of chemi-
sorption, which is judged as physical adsorption. Therefore, the
adsorption energy value was tuned via co-doping. The adsorp-
tion energy of the pristine and co-doped PrFeO3−d (001) is
shown in Fig. 4. All three kinds of Sr and V, Nb, Ta co-doped give
rise to an enhancement in PrFeO3−d (001) hydrogen adsorption.

The best adsorption sites of the pristine and co-doped
PrFeO3−d (001) are all directly above the iron atom. The
adsorption energy value of Pr0.5Sr0.5Fe0.875Nb0.125O3−d (001)
increased to −0.717, which was more obvious than that of
Pr0.5Sr0.5Fe0.875V0.125O3−d and Pr0.5Sr0.5Fe0.875Ta0.125 O3−d

(001). Aer adsorption, the bond lengths of H–H bonds on the
surfaces of the pristine and (Sr and V, Nb, Ta) co-doped
© 2023 The Author(s). Published by the Royal Society of Chemistry
surface (001) were 0.751 Å, 0.754 Å, 0.760 Å and 0.0.756 Å,
respectively, indicating that the H–H bonds were gradually
elongated aer adsorption occurred. With the most obvious
effect for Nb. The distances between the hydrogen molecules
and the surfaces of the pristine and Sr and V, Nb, Ta co-doped
were 2.126 Å, 2.070 Å, 2.063 Å and 2.067 Å respectively, while
the bond lengths of Fe–O bonds on the surfaces of the pristine
and Sr and V, Nb, Ta co-doped were 1.881 Å, 1.936 Å, 1.985 Å
and 1.961 Å respectively. The comparison shows that the
adsorption of hydrogen on the pristine (001) is closer to
physical adsorption, while the surfaces of Sr and V, Nb, Ta co-
doped belong to chemisorption.

3.2.2. Charge transfer condition. To study the charge
transfer status of the pristine and Sr and V, Nb, Ta co-doped
surfaces, the differential charge density is calculated, which is
dened as:
RSC Adv., 2023, 13, 28382–28388 | 28385
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Fig. 5 The differential charge density of the (a) PrFeO3−d and (b) Pr0.5Sr0.5Fe0.875Nb0.125O3−d surface materials.

Fig. 6 The PDOS of the (a) PrFeO3−d and (b) Pr0.5Sr0.5Fe0.875Nb0.125O3−d surface materials.

Fig. 7 (a) The adsorption energy with different position and (b) the
optimal adsorption site structure of the final-state Pr0.5Sr0.5Fe0.875-
Nb0.125O3−d surface materials.
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Dr = rsur–H2
− rsur − rH2

(4)

where rsur–H2
and rsur are the adsorption structure and the

surface structure charge density, respectively. rH2
is the

charge density of hydrogen. Yellow and cyan indicate the
strengthening and weakening of electron clouds, respectively.
Fig. 5 displays that the hydrogen has virtually no electron
transfer to the PrFeO3−d surface (001). In stark contrast to it,
the hydrogen has apparent electron transfer to Pr0.5Sr0.5-
Fe0.875Nb0.125 O3−d (001). The two hydrogen atoms lost elec-
trons inside, while the hydrogen molecules and the surface
accumulated electrons, demonstrating that the electrons
show a clear tendency to transfer from the fuel gas to the Nb
Atom (directly below adsorbed gas), through the O atoms
(next to the Nb atom) and nally to anode surface, which is
consistent with the adsorption performance we discussed
earlier.

3.2.3. D-Band center PDOS. The coupling between the d-
band of perovskite oxide and the fuel gas band forms
a bonding level with an energy lower than hydrogen and an anti-
bonding band with an energy higher than the d orbital on the
surface of perovskite. The greater the energy band higher than
the Fermi level, the more stable hydrogen and perovskite
surface bonding. The d-band PDOS of the PrFeO3−d and Pr0.5-
Sr0.5Fe0.875Nb0.125O3−d (001) is shown in Fig. 6. Relative to the
PrFeO3−d, the Fe, O, Pr and Nb elements of Pr0.5Sr0.5Fe0.875-
Nb0.125O3−d (001) all have an obvious upward shi in the d-band
center.
28386 | RSC Adv., 2023, 13, 28382–28388
Our works on the PDOS show that the Sr and Nb co-doping
not only has an obvious d-band center upward shi but also
has a narrowing of band gap due to sparse surface arrangement.
Therefore, Sr and Nb can effectively enhance the chemisorption
bonding performance of the anode.
3.3. Co-doped PrFeO3−d absorption nal-state

As recounted in Fig. 7. The nal-state of the hydrogen adsorption
Pr0.5Sr0.5Fe0.875Nb0.125O3−d (001) surface has six nal adsorption
sites, which xes a hydrogen atom above one iron to adjust the
site of another hydrogen atom. The adsorption energies of the two
broken H-atoms simultaneously adsorbed on the surface of nal-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) The differential charge density and (b) the PDOS of the final-state Pr0.5Sr0.5Fe0.875Nb0.125O3−d surface materials.
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state surfaces at various points are 0.839 eV, 1.292 eV, 2.788 eV,
−0.110 eV, 0.764 eV and 1.796 eV respectively. In contrast, the
most stable state of the nal-state adsorption surface is reached at
the fourth surface model. Aer the gas is adsorbed onto the
surface, the next step in the catalytic reaction involves the cleavage
of the H–H bond. One of the H atoms positioned directly above
the Nb atom undergoes a localized displacement, while the other
H atom migrates to the O atom located adjacent to the Nb atom.
The distances of the two hydrogen atoms from the surface are
1.492 Å and 0.975 Å, respectively, indicating that the hydrogen
atom is further chemisorbed to the oxygen on the surface. At the
same time, the distance between the two hydrogen atoms is
stretched to 1.973 Å, indicating that this process facilitates further
co-doped anodic catalysis.

To study the charge transfer status of the nal-state of
Pr0.5Sr0.5Fe0.875Nb0.125O3−d (001), the differential charge density
of the nal-state adsorption structure is shown in Fig. 8(a). This
indicates that a substantial loss of electrons occurs between the
two hydrogen atoms, while each hydrogen atom gains some
electrons from the adjacent iron and oxygen atoms on the
surface. The electrons then transfer from the two hydrogen
atoms to the corresponding positions below them on the spe-
cical site (the Nb and O atoms). Notably, the charge transferred
to the surface via the Nb atom is greater than that transferred
through the O atom aer the H–H bond is broken. This
observation implies that the charge distribution among the two
hydrogen atoms is not uniform following the bond cleavage.

Fig. 8(b) displays the d-band PDOS of the nal-state Pr0.5-
Sr0.5Fe0.875Nb0.125O3−d (001). Relative to the initial-state Pr0.5-
Sr0.5Fe0.875Nb0.125O3−d (001), the nal-state
Pr0.5Sr0.5Fe0.875Nb0.125O3−d (001) have an obvious upward shi
in the d-band center.

Our work on the PDOS shows that the reaction mechanism for
Pr0.5Sr0.5Fe0.875Nb0.125O3−d is the gradual elongation of the H–H
bond until it breaks, eventually forming nal-state adsorption.
Therefore, the nal-state is conducive to the further catalytic
reaction of the Pr0.5Sr0.5Fe0.875Nb0.125O3−d anode.
4. Conclusions

To summarize, using the soware package of VASP calculation
works, we integrally simulated the bulk pristine and co-doped
© 2023 The Author(s). Published by the Royal Society of Chemistry
PrFeO3−d, pristine and co-doped PrFeO3−d surface and nal-
state adsorption surface. The simulation conclusion of our
DFT results shows that Pr0.5Sr0.5Fe0.875Nb0.125O3−d has suitable
adsorption energy value (−0.717 eV) for anodic catalytic reac-
tion, and in the nal-state, both hydrogen atoms have charge
transfer with the surface, which promotes the next step of
electrode reaction. Meanwhile, the apparent charge transfer
and the d-band center upward shi of the co-doped adsorption
model leads to a signicant enhancement in the anode catalytic
degree in the SOFC reaction. Thus, the Pr0.5Sr0.5Fe0.875Nb0.125-
O3−d is a promising SOFC anode catalyst. In addition, the
oxygen vacancy concentration at para-8.3% is the most stable
state of the PrFeO3−d, that are greatly affected the stability of the
perovskite anode structure. Furthermore, the obtained simula-
tion conclusions indicate that as an anode with both catalytic
and stable properties, its catalytic mechanism is that hydrogen
is adsorbed to the Pr0.5Sr0.5Fe0.875Nb0.125O3−d (001), the H–H
bond is gradually elongated, and a new adsorption site is nally
formed. Our theoretical work shows that Sr and Nb co-doping
can effectively enhance the anode catalytic performance.
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