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High-entropy perovskite oxides: A versatile class of materials for nitrogen

reduction reactions
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Longsheng Zhang', Nan Zhang', Johan A. Martens®, Johan Hofkens*’, Feili Lai*" and Tianxi Liu'’

ABSTRACT Despite the intense research efforts directed to
electrocatalytic nitrogen reduction reaction (eNRR), the NH;
yield and selectivity are still not up to the standard of practical
application. Here, high-entropy perovskite oxides with com-
position Ba,(FeCoNiZrY),,0;3-5 (B.(FCNZY), (x = 0.9, 1) are
reported as eNRR catalysts. The eNRR activity of high-entropy
perovskite oxide is enhanced by changing the nonstoichio-
metric metal elements at the A-site, thus generating additional
oxygen vacancies. The NH; yield and Faraday efficiency for
Byo(FCNZY),, are 1.51 and 1.95 times higher than those for
B(FCNZY),.,, respectively. The d-band center theory is used to
theoretically predict the catalytically active center at the B-site,
and as a result, nickel was identified as the catalytic site. The
free energy values of the intermediate states in the optimal
distal pathway show that the third protonation step (*NNH, >
*NNH;) is the rate-determining step and that the increase in
oxygen vacancies in the high-entropy perovskite contributes to
nitrogen adsorption and reduction. This work provides a
framework for applying high-entropy structures with active
site diversity for electrocatalytic nitrogen fixation.

Keywords: high entropy, perovskite, nitrogen reduction reaction,
catalytic activity center

INTRODUCTION

Nitrogen is of great importance to all life forms [1,2]. However,
nitrogen in nature cannot be used directly by most species,
including humans, and thus must be converted into reactive
nitrogen-containing compounds (e.g, NH; and HNO;).
Although the industrial synthesis of NH3, mostly via the Haber-
Bosch (H-B) process, has satisfied the needs for societal devel-
opment over the past century, it also has an irreversible envir-
onmental effect due to the typical harsh conditions for the H-B
process (e.g., high temperature of 400-600°C and high pressure
of 15-30 MPa), the resulting large energy consumption, and the
subsequent emission of greenhouse gases [3-5]. Therefore, new
methods for NH; synthesis under mild conditions must be
developed to realize the goals for carbon neutrality and peak

CO, emissions [6-12]. Electrocatalytic nitrogen reduction
reaction (eNRR) has attracted global attention because of its
renewable feedstocks (nitrogen and water), mild reaction con-
ditions, and simple infrastructure [13-17]. With progress in this
field, electrocatalytic materials have gradually expanded from
the initial precious metal materials to non-precious metal cata-
lysts abundant in nature. However, the rational design of elec-
trocatalytic materials with high NH; yield and selectivity
remains a challenge due to the inertness of the N=N bond that is
difficult to break and the presence of competitive hydrogen
evolution reaction (HER) for aqueous electrolytes. Therefore, all
mechanistic aspects of nitrogen reduction must be comprehen-
sively understood to enhance the electrochemical activity for
NHj; generation [18-23]. Owing to their unique compositional
and structural flexibility [24], perovskite oxides have been
explored as candidate materials for eNRR and have shown great
promise in catalytic activity and stability [18,19,25-32]. Sun’s
group [25] reported porous LaFeO; nanofibers as an efficient
eNRR catalyst with a Faradaic efficiency (FE) of 8.77% and a
good NH; yield rate of 18.59 ug h™ mgg,. ™ at —0.55 V. The
eNRR activity of perovskite materials can also be enhanced by
heteroatom doping (e.g., Cs and Ni) [28]. Despite these potential
advantages of perovskites for eNRR, the construction of per-
ovskite-type electrocatalytic materials with sufficient active sites
for N, adsorption and reduction remains a great challenge.
High-entropy (HE) materials show potential application in
electrocatalysis, including electrochemical reactions, due to their
intrinsic abundant active sites, complex electronic structures,
and random element distributions. The concept of mixed
entropy (ASyix) was first introduced in the field of materials
science in 2004 [33]. ASmix can be expressed as the following
Gibbs formula: AS,ix = —REZY,clnc;, where R is the ideal gas
constant, N is the number of elements, and ¢; is the atomic
fraction of component i. A material is considered to have high
entropy when its ASp, is higher than 1.5R. On this basis, a series
of HE materials have been developed (e.g., HE halides [34],
carbides [35], nitrides [36], sulfides [37], borides [38], oxides
[39], and phosphate [40]) and employed as promising electro-
catalysts. Among available HE materials, HE perovskites (HEPs),
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especially HE perovskite oxides, have recently received interest
in electrocatalysis application because of their tunable con-
stituent elements, various active sites, and structural stability. A
mechanochemical method was used to synthesize perovskite
oxide-fluoride solid solutions with ultra-high entropy values and
remarkably enhanced electroactivities for oxygen evolution
reaction compared with the corresponding perovskite oxide
precursors [41]. Although HEPs have more versatile electronic
structures and active sites than conventional perovskites, the
former have never been applied in eNRR, making them an
interesting subject for the discovery of highly active materials for
eNRR research. Introducing additional oxygen vacancies in the
structure of HE perovskite oxides appears to be an interesting
path to exploit this structural feature in eNRR and further utilize
the complexity and diversity of B-sites in these materials. In
perovskite structures, oxygen vacancy has a direct impact on the
crystal structure, electronic properties, and chemical environ-
ment at the surface. Hence, oxygen vacancies are important in
promoting the electrocatalytic activities of perovskite oxides.
Over the past decade, important progress has been achieved with
the use of oxygen vacancies in the rational design of perovskite
materials exhibiting excellent oxygen reduction reaction (ORR)
performance. Oxygen vacancies can be generated by A-site
cation non-stoichiometry, such as (BagsSros)i—+CoosFeq205-,
La1/3Nb03, SroAgsNb0A1C00A90375, and La17xFeO375 [42,43] For
example, SroosNbg;C0090;3_5 with A-site cation non-stoichio-
metry exhibits superior ORR activities compared with its parent
stoichiometric material because of the high oxygen vacancy
concentration and resulting electrical conductivity [44]. Metals
Fe, Co, Ni, Zr, and Y are typical centers for the B-site [45]; Fe,
Co, and Ni are regarded as nitrogen-reducing sites [19,28,32];
and Zr and Y have a positive effect on suppressing the com-
peting HER [46]. However, HEPs have never been systematically
investigated as model systems in the electrocatalysis of eNRR
and HER.

Herein, we synthesized HEP of BaJ(FeCoNiZrY),,0s-s
(B{(FCNZY)o,) using a modified sol-gel method. The resulting
lava-like HEP solid with additional oxygen vacancies and
modified electric structure of B-site metals (obtained by con-
trolling nonstoichiometric metal element at the A-site) exhibits
an improved eNRR performance. By o(FCNZY),, with additional
oxygen vacancies shows enhanced NH; yield rate and corre-
sponding FE compared with B(FCNZY),,. The enhanced eNRR
activity of Boo(FCNZY),, is attributed to the additional oxygen
vacancies and synergistic effect among various metal elements in
the B-site, which will be discussed in detail through density
functional theory (DFT) calculations.

EXPERIMENTAL SECTION

Synthesis of chopped pre-oxidized polyacrylonitrile (0PAN)
nanofibers

First, 1 g of PAN powder was dissolved in 10 mL of dimethyl
formamide (DMF) solution for 24 h. The homogeneous solution
was then loaded into a syringe with a steel nozzle (23G). A high
voltage of 17 kV was applied between the collector and needle
tip at 13 cm. The as-spun membranes were pre-oxidized at
200°C for 2 h. Finally, 360 mg of the oPAN nanofibers in 80 mL
of aqueous solution was mechanically shredded using a disper-
sion machine at 13,000 r min~! for 0.5 h to form a homogeneous
dispersion.
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Synthesis of porous lava-like HE perovskite oxides
Ba,(FeCoNiZrY)(,0;5_s (x = 0.9, 1)

The samples of Ba,(FeCoNiZrY),,0;_s (B,(FCNZY),,) were
prepared by a modified sol-gel method. Here, B(FCNZY),, was
used as an example. The six metal nitrates at a certain molar
ratio according to the targeted material formula (Ba:Fe:Co:Ni:Zr:
Y = 2:0.4:0.4:0.4:0.4:0.4 (mmol)), were dissolved in 100 mL of
deionized water. Certain amounts of ethylene glycol (EG) and
citric acid (CA) at a molar ratio of 3:1.5:1 (EG:CA:total metal
cations) were prepared as a single solution, which was subse-
quently poured into the mixed metal nitrate solution to create
chelation between EG/CA and the metal cations. For complete
complexation, the pH value of the solution was adjusted to ~9 by
adding ammonium hydroxide. Under magnetic stirring and
heating at 80°C, the water in the solution was slowly evaporated
to form a dark yellow gel. In brief, 5 mL of the homogeneous
dispersion of chopped pre-oPAN nanofibers was slowly added
dropwise to the gel. The mixed gel was heated to ensure that the
viscosity remained constant until all drops were added to form a
uniformly dispersed gel. The resulting gel was then aged at
200°C for 5h to form the precursor, which was then further
sintered at 1000°C for 5 h to remove the organic substance and
form the phase of HE perovskite oxides. The synthesis method
for perovskite By o(FCNZY),, was similar, except the molar ratio
of metals was changed to BaFe:Co:NiZrY =
1.8:0.4:0.4:0.4:0.4:0.4.

Cathode preparation

Approximately 6 mg of BJ(FCNZY),, and 60 pL of Nafion
solution (5 wt%) were dispersed in 1940 uL of absolute ethyl
alcohol and sonicated to form a homogeneous ink. Afterward,
40 pL of the above ink was loaded onto a carbon paper electrode
(CPE) with an area of 1 cm X 1 cm and dried in an Ar atmo-
sphere at 80°C for 1 h.

Characterization

X-ray diffraction (XRD) patterns were collected on a Bruker D8
X-ray diffractometer with a Cu Ka X-ray source (A = 1.5418 A).
High-resolution transmission electron microscopy (HRTEM)
was performed using a JEOL JEM-2100Plus electron micro-
scope. Scanning electron microscopy (SEM) was carried out on a
HITACHI S-4800 electron microscope. X-ray photoelectron
spectroscopy (XPS) and valence band measurements were car-
ried out with an AXIS Supra. Electron paramagnetic resonance
(EPR) spectra were measured using an EPR spectrometer
(Bruker A300). Inductively coupled plasma mass spectrometry
(ICP-MS) was conducted on a Thermo Fisher Scientific Inc
ICAP TQ instrument. Ion chromatography (IC) was performed
with a Thermo Scientific Dionex ICS-5000 IC instrument.
“NH,* and '"NH,* electrolytes were determined by 'H nuclear
magnetic resonance (NMR) using an AVANCE3HD600MHZ
instrument. Specific surface area values were measured by the
Brunauer-Emmett-Teller (BET) method using Autosorb-1Q3.

Electrochemical measurements

Electrochemical tests were carried out under an H-shaped
electrolytic cell with a three-electrode system with 0.1 mol L™!
lithium sulfate solution as the electrolyte, HEP-loaded CPE
(HEP/CPE) as the working electrode, graphite electrode as the
counter electrode, and saturated Ag/AgCl electrode as the
reference electrode. The electrolytes in the cell were separated
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using a Nafion 117 membrane treated as previously described
[32]. All potentials were converted to the potential of the rela-
tively reversible hydrogen electrode (RHE) using the formula (E
(vs. RHE) = E (vs. Ag/AgCl) + 0.197 + 0.059 x pH). Linear sweep
voltammetry (LSV) curves were scanned in the range from
~—1.0 to ~0 V. Some control experiments were also carried out
under the following conditions: (i) potentiostatic measurements
of Byo(FCNZY)o, in the Ar-saturated electrolyte, (ii) open-cir-
cuit tests of Boo(FCNZY)o, in the N,-saturated electrolyte, and
(iii) potentiostatic measurements of pure carbon paper in the
N,-saturated electrolyte. Cyclic voltammetry curves were scan-
ned under a potential window between 1.0 and 1.1 V. The
double-layer capacitance (Cy) is the slope obtained by fitting
these data for sweep speed and current density at 1.05 V. Elec-
trochemical impedance spectroscopy (EIS) was measured at
—0.6 V from 0.1 Hz to 100 kHz.

Determination of NH; and N,H,
The concentration of the produced NHj; in the electrolyte was
spectrophotometrically measured by the indophenol blue
method [47]. In brief, 2 mL of 1 mol L' NaOH solution con-
taining salicylic acid (5 wt%) and sodium citrate (5 wt%) was
added, followed by 1 mL of NaClO solution (0.05 mol L™") and
0.2 mL of sodium nitroferricyanide solution (1 wt%). Absor-
bance measurements were performed from 550 to 750 nm. The
concentration-absorbance (at 655 nm) curve was calibrated
using a standard NH,* solution with a series of concentrations.
The amount of N,H, present in the electrolyte was measured
using the method of Watt and Chrisp [48]. The mixture of
CoHiiINO (5.99 g), C,HsOH (300 mL), and HCI (30 mL) was
used as a color reagent. In brief, 5 mL of electrolyte was mixed
with 5 mL of the as-prepared color reagent. After being stirred
for 10 min at room temperature, the absorbance of the resulting
solution was measured at a wavelength of 455 nm.

Calculations of NH; formation rate and FE
NH; formation rate was calculated using the following equation:
NH; formation rate = [NH,] x V/(#c X 1).
FE was calculated according to the following equation:
FE = 3 x F x [NH,*] x V/(17 x Q),
where [NH,*] is the measured NH,* concentration, V is the
volume of the cathodic reaction electrolyte, ¢ is the potential
applied time, mg, is the loaded quality of catalyst, F is the
Faraday constant, and Q is the quantity of applied electricity.

Computational methods

DFT calculations were implemented with Vienna ab initio
simulation package [49,50], where the Perdew-Burke-Ernzerhof
generalized gradient approximation [51,52] and the projected
augmented wave (PAW) [53] were used to describe the
exchange/correlation potential and the ion-electron interaction,
respectively. Cutoff energy of 600 eV was adopted for the plane-
wave expansion of the electron wave function in all calculations.
The vacuum space was set at least 20 A to separate the inter-
actions between the neighboring slabs. For this calculation, a 5 x
5 x 1 k-point mesh was adopted. Convergence criteria were set
as 10 eV and 1072 eV A~! for the self-consistent field and ion
steps, respectively. Grimme DFT-D3 dispersion correction
method was also employed to accurately describe the weak van
der Waals interactions [54]. The free energy diagram was plotted
at U =0V as AG = AE + AZPE — TAS + eU, where AE is the
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electronic energy difference, AZPE is the change in zero-point
energies, T is the temperature (T = 298.15K), and AS is the

entropy change. The entropy of H is AS}; = 0.5S 122, where § I;’z is

the entropy of H, in the gas phase at standard conditions.
Entropy data for H, NH;, and N, were collected from NIST
( https://www.nist.gov). The entropies for adsorbed structures or
intermediates were neglected because these samples are solid.
Other details for NRRs can be found in previous research [55].

RESULTS AND DISCUSSION

Material synthesis and characterization

B.(FCNZY)o, (x = 0.9, 1) was prepared by a liquid phase
method, in which six metal (Ba, Fe, Co, Ni, Zr, and Y) pre-
cursors with chosen stoichiometric ratios were dissolved to form
a uniform solution. Abundant chopped nanofibers were also
prepared to generate a dispersion, which was then used as a
polymer template to construct lava-like porous structures inside
the HEPs. The preparation of porous lava-like HEPs with the
formulation of B,(FCNZY)y, (x = 0.9, 1) can be divided into
three steps (Fig. 1a). First, the oPAN nanofibers (Fig. Sla) were
mechanically chopped to an average diameter of ~300 nm
(Fig. S1b). Second, the nitrates of the six metals were dissolved
with a certain ratio and further chelated with CA and EG to
obtain a yellow transparent solution, which was slowly evapo-
rated to form a dark yellow gel. Third, the abundant chopped
oPAN nanofibers were subjected to appropriate heating and
stirring to generate a gel with uniformly dispersed chopped
nanofibers. After the solvent was removed completely,
B.(FCNZY)o, (x = 0.9, 1) was finally obtained by high-tem-
perature calcination. The synthesis method for B.(FCNZY),,
(x = 0.9, 1) was identical except for the use of different molar
ratios at the beginning.

For the crystal structures of the obtained HEP samples,
Boo(FCNZY),, and B(FCNZY),, are in the cubic phase as
indicated by the powder XRD patterns in Fig. 1b and further
confirmation by the Rietveld refinement of the XRD patterns
(Fig. S2) in Table S1. For Byo(FCNZY)o,, its lattice parameters
are a = b = ¢ = 4.18976 (46) A (Ry = 447%, Ry = 5.66%, y* =
1.36), which are similar to those of previously reported per-
ovskite oxides [56]. Compared with that of B(FCNZY)y,, the
(110) crystal face of Byo(FCNZY)y, shifts to a lower angle
(Fig. S3), indicating that crystal expansion has occurred in the
presence of A-site non-stoichiometric metal elements; this
phenomenon may lead to the creation of additional Fe** with
larger ionic radius than Fe** (0.645 A for Fe** and 0.780 A for
Fe*) [57].

The SEM images of B,(FCNZY),, samples reveal their lava-
like porous structures (Fig. 1c, d and Fig. S4) with cavity size at
around 300 nm (Fig. S5) that is mainly attributed to the com-
plete decomposition of the randomly distributed chopped oPAN
nanofibers. The specific surface areas of B(FCNZY),, were
measured by N, adsorption-desorption isotherm and calculated
by the BET method to gain insights into the microstructure
(Fig. S6). The results showed that all samples exhibit a surface
area of ~10 m? g”', which is larger than that of other typically
synthesized perovskite oxides [58]. The pore size distribution
results also indicated the existence of meso- and micro-pores in
B.(FCNZY)o,. The homogeneous distributions of different metal
elements, including Ba, Fe, Co, Ni, Zr, and Y in B(FCNZY),,
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Y3+  Fe3* Co2* Nij2*

(a) Hlustration of the synthesis route for porous lava-like HE perovskite oxide of B,(FCNZY),, (x = 0.9, 1). (b) XRD patterns of B(FCNZY)o, (x =

0.9, 1). (¢, d) SEM images of Boo(FCNZY),. (e) EDX mapping of Boo(FCNZY)o, (scale bar: 2 um). (f) HRTEM image of Bgo(FCNZY),..

were confirmed by their corresponding energy-dispersive X-ray
(EDX) elemental mappings (Fig. le and Fig. S7). Furthermore,
the elemental ratios in B,(FCNZY),, were determined by ICP-
MS and EDX analysis in Fig. S8, the results of which are in
general agreement with the original feed ratios. The measured
lattice fringe distances of Bo(FCNZY)o, and B(FCNZY),, are
0.294 and 0.292 nm, respectively, which correspond to the (110)
planes of cubic B,(FCNZY),, (Fig. 1f and Fig. S9). All these
results confirmed the successful formation of HEPs for
B(FCNZY),, and Bo(FCNZY)j».

We conducted XPS to investigate the chemical states of dif-
ferent elements. The XPS survey spectra (Fig. S10) confirmed the
presence of Ba, Fe, Co, Ni, Zr, Y, and O on B,(FCNZY),, sur-
faces. No significant signal from the nitrogen element was
detected (Fig. S11), thereby excluding the interference of nitro-
gen sources (mainly from NO;~) other than N, for eNRR (vide
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infra). The O 1s spectra of BL(FECNZY),, and Boo(FCNZY),, were
measured to determine the presence of oxygen vacancies. As
shown in Fig. 2a, four main characteristic peaks can be observed
at ~528.7, ~529.6, ~531.1, and ~533.1 eV, which are attributed to
lattice O, highly oxidative oxygen species (0,°~/O7), surface-
adsorbed O, or hydroxyl groups, and surface-adsorbed H,O,
respectively [59]. After peak area normalization, the oxygen
vacancy (0,7/O7) content changes from 24.5% for B(FCNZY),,
to 38.1% for Boo(FCNZY),, (Table S2). Further analysis of the
valence states of the six metals (Fig. 2b, Figs S12-S14) showed
that the metal at A-position is Ba(+2), and the five metals at the
B-position are Fe(+2, +3), Co(+3), Ni (+3), Zr(+4), and Y(+3).
For the Ba 3ds; and Co 2ps, spectra in Fig. 2b, distinctive
characteristic peaks of Ba*" and Co*" were observed at 779.7 and
778.9 eV, respectively (Table S3) [60]. In addition, the char-
acteristic peaks of Fe (Fig. S12) can be resolved into two peaks at
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Figure 2 XPS spectra of B(FCNZY)o, (x = 0.9, 1): (a) O 1s, (b) Co 2p3/» and Ba 3ds),. (c) EPR spectra, and (d) surface valence band photoemission spectra of

B.(FCNZY), (x = 0.9, 1).

710.4 and 712.9 eV [61], which are assigned to Fe** and Fe*,
respectively. The proportion of Fe** in B(FCNZY),, is higher
than that in Boo(FCNZY),, (Table S4), leading to the more
positive average valence of iron as Fe(+2.382) in B(FCNZY),,
than as Fe(+2.367) in Boo(FCNZY),,. Details for the peak
splitting of the other three metals (Ni, Zr, and Y) are shown in
Figs S13 and S14. The core-level Ni XPS spectra of
Boo(FCNZY),, shift to the lower binding energy (~0.3eV)
mainly because the nickel metal valence state decreases when the
oxygen vacancy content increases. This finding suggested a
redistribution of charge between Ni and 0,*7/O~ [62,63] that
may induce the generation of synergistic active sites and the
enhancement of electrical conductivity [64]. Further calculations
showed that the valence states of the B-site centers are +3.076
and +3.073 for B(FCNZY),, and Boo(FCNZY),,, respectively.
These results suggested that the presence of variable metals at
the B-site does not play a major role in the formation of oxygen
vacancy. As shown in Fig. 2¢, B{FCNZY), exhibits an EPR
signal at g = 2.003, which can be identified as electrons trapped
in oxygen vacancies. The EPR signal intensity of Byo(FCNZY),,
is higher than that of B(FCNZY),,, indicating the increase in
oxygen vacancy concentration in Boo(FCNZY),, [19]. This
finding is in accordance with the XPS O 1s spectra (Fig. 2a).
Given that the valence band center of a catalyst directly influ-
ences its adsorption of inert gases, such as N, [65], the valence
band spectra of B,(FCNZY),, are further provided in Fig. 2d.
The valence band center of Byo(FCNZY),, (—4.29 eV) is closer
to the Fermi energy level than that of B(FECNZY), (—4.40 eV).
This result suggested the enhanced adsorption of B(FCNZY),,
for nitrogen molecules.
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Electrochemical activity toward eNRR

Electrochemical tests were carried out on a B,(FCNZY),,/CPE.
Prior to the eNRR tests, a series of LSV tests were carried out
under N,- or Ar-saturated 0.1 mol L™! Li,SO, electrolytes to
determine the occurrence of eNRR and the presence of an
electroreduction window. As shown in Fig. 3a and Fig. S15a, the
current densities in Nj-saturated electrolytes are larger than
those in the argon-saturated electrolyte when the working
potential is more negative than —0.3 V vs. an RHE, indicating
that eNRR mainly occurs below —0.3 V vs. RHE. The time-
dependent current density curves for B,(FCNZY)o, from —0.3 to
—0.8 V were collected every 2 h and are presented in Fig. 3b and
Fig. S15b. The NHj yield was first measured by the salicylic acid
method, and the corresponding calibration curves are shown in
Fig. S16. The corresponding ultraviolet-visible (UV-vis)
absorption spectra of the electrolytes (stained with indophenol
blue indicator) under different working potentials were recorded
and are shown in Fig. S17. The best working potential for NH;
generation is located at —0.6 V. The NHj yields and FEs at
different potentials are plotted in Fig. 3¢, d. Here, we normalized
the yield rate of NH; production on the basis of the catalyst
weight. B,(FCNZY)o, exhibits the highest NH; yield rate of
24.37 pygh™ mg~' at —0.6 V vs. RHE and the maximum FE at
—0.4 V. The FE gradually decreases when the applied potential is
more negative than —0.4 V mainly due to the increased dom-
inance of the competing HER. By o(FCNZY),, exhibits a higher
NH; yield and FE than B(FCNZY)y,. The NH; yield
(2437 pygh ' mg~' at —0.6 V vs. RHE) and FE (11.70% at
—0.4V vs. RHE) of Byo(FCNZY)q, are 1.51 and 1.95 times
higher than those of B(FCNZY),, (16.11 ugh™' mg™', at
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—0.6V, 6.01% at —0.4 V), respectively. These results are com-
parable to those for the most reported perovskite oxide-based
eNRR electrocatalysts (Table S5). For further confirmation, the
amount of produced NH; was also detected by IC using a
standard calibration curve (Fig. S18). The NHj yield and FE
obtained by the IC method are close to the results from the UV
method (Fig. S19). The electrolytes of B,(FCNZY),, at —0.6 V
were also checked for their hydrazine content (Fig. $20), and the
results indicated that all the nitrogen consumed in the reduction
reaction is converted to NHs.

The following control experiments were carried out to prove
that the nitrogen in NHj is derived from nitrogen gas: (i) carbon
paper was used as a working electrode under N,-saturated
atmosphere, (i) Boo(FCNZY),, was tested in Ar-saturated
atmosphere, and (iii) Boo(FCNZY),, was tested in N,-saturated
atmosphere at an open-circuit configuration. As expected from
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the corresponding UV-vis absorption spectra in Fig. 3e, no NH3
signal was detected. To further confirm that the detected NH;
has originated from the supplied N,, we conducted an experi-
ment using '“N, and "°N; as feed gases. The 'H NMR spectra of
commercial "NH,Cl and "NH,Cl samples were obtained as
standard spectra and respectively show three peaks and two
peaks as displayed in Fig. 3f. These peaks closely match the
reference substances (*NH4Cl and “NH,Cl) in the region of
6.7-7.2 ppm. No signal of "NH," was detected in the 'H NMR
spectrum for °N,, indicating that the synthesized NHj is derived
from the direct nitrogen supply.

The physical properties of the electrodes can also play an
important role during catalysis and can be evaluated by EIS and
the determination of the electrochemical active surface area
(ECSA) of B{(FCNZY),/CPE. As shown in the Nyquist plots in
Fig. 4a, Boo(FCNZY),, with many oxygen vacancies has a lower

October 2022 | Vol.65 No.10



SCIENCE CHINA Materials

ARTICLES

a 200
B, o(FCNZY),,
@ B(FCNZY),,
150 A
_ 0" W o
E ° ° i
S 100 & o
N )
N o0
Q
50 o’
X3
0 50 100 150 200 250
Z' (ohm)
c 00
-0.11
& -0.21
£
o
£ -031
-0.4-
-0.5 T T T r
0 2 4 6 8 10
Time (h)

j (mA cm2)

0.035

0.028

0.021 4

0.014

0.16 mF cm™
0.007 4

0 30 60 90 120 150 180
Scan rate (mV s™)

FE (%)

Time (h)

Figure 4 (a) Nyquist plots of B{(FCNZY)y, (x = 0.9, 1). (b) Charging current density difference plotted against scan rate of B,(FCNZY),>. (c) Long-term
chronoamperometry curve of Byo(FCNZY),, electrode at —0.6 V vs. RHE in N,-saturated electrolyte showing good stability. (d) NHj yield rates and
corresponding FEs of the Byo(FCNZY),, at —0.6 V with alternating 2 h cycles between N, and Ar-saturated electrolytes.

charge transfer resistance and thus a higher electron transfer rate
than B(FCNZY),, with relatively few oxygen vacancies. To
explore the influence of active sites on eNRR, we calculated the
ECSAs of BJ(FCNZY),, by measuring the Cy (Fig. S21). As
shown in Fig. 4b, the Cy of Byy(FCNZY)y, is 0.18 mF cm™,
which is nearly equal to that of B(FCNZY),, at 0.16 mF cm~2
Moreover, 10 h of eNRR electrocatalysis at —0.6 V has resulted
in almost no variation in current density (Fig. 4c), thus further
confirming the excellent stability of Boo(FCNZY),, during
eNRR. As shown in Fig. S22 and Fig. 4d, positive eNRR beha-
viors were only obtained for N,-saturated electrolytes. Mean-
while, the measurements for Ar-saturated electrolyte were
approximated to those for the blank sample, thereby unam-
biguously confirming that the detected NH; has originated from
N, reduction facilitated by B o(FCNZY),. Except for the peaks
from the CPE substrate, the well-indexed XRD patterns of
Boo(FCNZY),, after the cycling test proved its excellent struc-
tural stability (Figs S23 and S24). SEM tests were also carried out
to further verify the stable morphology during catalysis, and the
corresponding images showed that the lava-like structure of
Boo(FCNZY),, remains intact after the stability test (Fig. S25).

Mechanism analysis of enhanced eNRR activities

For HE materials, the catalytically active center is difficult to
determine from an experimental perspective. Therefore, DFT
calculations were conducted to predict the actual sites for the
eNRR in By g(FCNZY),, on the basis of the d-band center the-
ory. The d-band centers for the five elements (Fe, Co, Ni, Zr, and
Y) of bulk B(FCNZY),, are shown in Fig. S26 and Fig. 5a.
Among these elements, the d-band centers of Fe (—6.82 eV), Co
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(—6.60 eV), and Ni (—5.43 eV) are closer to the Fermi energy
level than those of Zr (—9.81eV) and Y (—10.11 V). This
finding indicated that nickel, cobalt, and iron are possibly the
catalytic active sites in bulk B(FCNZY)y,. After casting the
surface based on the HRTEM image (Fig. 2e) and introducing
slight vacancies in B(FCNZY),, bulk, we constructed a new
model of Byo(FCNZY),,-(110), including its electronic struc-
tures on the basis of the re-calculated d-band centers of the five
metals in Fig. 5a. Ni still displays the closest d-band center of
—4.72 eV as compared with the other four metals and thus is the
most promising active site for the following eNRR steps. NiO
was chosen as a control sample to emphasize the superiority of
HEPs. The results showed that the bulk By o(FCNZY),, exhibits a
high eNRR performance (Figs S27 and S28) due to the syner-
gistic effects between nickel and other transition metals. The
differential charge diagram further illustrates the activation of N,
molecules at the oxygen vacancy sites. As shown in Fig. 5b, the
Ni atoms near the oxygen vacancies accumulate many electrons,
and these localized electrons are subsequently transferred to the
adsorbed N, molecules.

We calculated the free energy (AG) of the intermediates for
different eNRR pathways (including the associative distal path-
way and the associative alternating pathway) and further
determined the optimal reaction path. The structures of the
adsorption intermediates are shown in Fig. 5c. For
Boo(FCNZY),2, the energy barrier (1.61 eV) for *NHNH —
*NHNH, in the alternating pathway is slightly higher than that
for *NNH, — *NNH; (1.58 eV) in the distal pathway, indicating
that the distal pathway is the optimal mechanism for the eNRR
of Byo(FCNZY),, catalyst. In addition, the lack of the thermo-
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dynamically driven intermediate *NHNH, provides theoretical
evidence on the absence of by-product (NH,NH,) in the
experiment. By comparing the AG values of B,(FCNZY),, cat-
alysts in the associative distal pathway, we found that the third
protonation step (¥*NNH, — *NNH;) is the rate-determining
step during the whole eNRR. In particular, Byo(FCNZY),, with
additional oxygen vacancies displays a lower energy barrier at
1.58 eV than B(FCNZY),, at 1.93 eV. This finding reveals the
positive role of the oxygen vacancies in HEPs to accelerate the
eNRR.

CONCLUSIONS

In conclusion, we have synthesized a lava-like HEP of for-
mulation B,(FCNZY),, (x = 0.9, 1), and its activity has been
successfully enhanced using a nonstoichiometric metal element
at the A sites. The resulting HEP structures have a high oxygen
vacancy concentration. As indicated by DFT calculations, the
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nickel element has the greatest potential to act as an active site.
The increased concentration of oxygen vacancies facilitates the
adsorption of inert N, gas, resulting in improved performance.
This work provides new design principles for the use of HEP
materials in electrocatalytic NH; synthesis.
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