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Abstract; Highly dispersed bimetallic alloy nanoparticle
electrocatalysts have been demonstrated to exhibit exceptional
performance in driving the nitrate reduction reaction
(NO;RR) to generate ammonia (NH, ). In this study, we
prepared mesoporous carbon nanofibers (mCNFs)
functionalized with ordered PtFe alloys ( O-PtFe-mCNFs) by
a composite micelle interface-induced co-assembly method
using poly ( ethylene oxide ) -block-polystyrene ( PEO-b-PS)
as a template. When employed as electrocatalysts, O-PtFe-
mCNFs exhibited superior electrocatalytic performance for
the NO;RR compared to the mCNFs functionalized with
disordered PtFe alloys ( D-PtFe-mCNFs). Notably, the NH,
production performance was particularly outstanding, with
a maximum NH, yield of up to 959.6 pmol/(h - cm®).
Furthermore, the Faraday efficiency (FE) was even 88. 0%
at —0.4 V vs. reversible hydrogen electrode (RHE). This
finding provides compelling evidence of the potential of
ordered PtFe alloy catalysts for the electrocatalytic NO,RR.
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0 Introduction

Ammonia (NH, ) is not only a key ingredient in
nitrogen fertilizers but also considered as a green and
carbon-free hydrogen-rich fuel in industry'"™. However,
although the conventional Haber-Bosch process allows for a
reliable synthesis of industrial NH,, it relies on high-
temperature (300-550 C) and high-pressure (15-25 MPa)
conditions, and leads to a significant depletion of the
global energy supply™. As an alternative,
electrocatalytic reduction of nitrate ( NO, ) has received
more attention due to the lower dissociation energy of the
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N=O0O bond and its widespread presence as an
environmental pollutant' ®”'. However, the conversion of
NO, to NH, involves a complex 8-electron reaction
process, which results in relatively slow reaction
kinetics'*""’. Alloying is a unique and commonly used
approach that can modify the physicochemical properties
of metal electrocatalysts and stabilize key intermediates of
the multistep reaction, thereby improving the selectivity
of nitrate reduction reaction ( NO,RR) electrocatalytic
NH, synthesis'"""*). Despite some promising advances in
this field, the Faraday efficiency (FE) and NH, yields in
the selective electrocatalytic process of NO, to NH, are
still lower than expected "’ . Intermetallic compounds are
notable for their highly ordered atomic arrangements and
well-defined ~ d-orbital interactions ", These
compounds possess unique geometrical and electronic
properties that can significantly enhance catalytic activity
and stability''*""'. Furthermore, the orderliness of their
atomic arrangements ensures a high degree of
homogeneity of the active sites'™'”. However,
synthesizing ordered intermetallic alloys usually requires
high-temperature annealing treatment, which often leads
to particle aggregation, especially at high loadings"™"*".
To overcome this challenge, it is necessary to identify a
suitable carrier that can effectively prevent particle
aggregation. Mesoporous materials, in particular carbon
nanofibers (CNFs) with high specific surface areas and
open pores, are promising substrates due to their unique
physical and chemical properties'>"".

In light of these research advances, we sought to
combine the advantages of ordered platinum-based alloys
and mesoporous carbon carrier structures. To this end,
ordered PtFe alloy functionalized mesoporous carbon
nanofibers ( mCNFs ) were synthesized by employing
poly (ethylene oxide )-block-polystyrene ( PEO-b-PS) as a
templating agent in conjunction with composite micellar
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interface-induced co-assembly. The resulting material,
mCNFs functionalized with ordered PtFe alloys,
designated O-PtFe-mCNFs, represented a notable
advancement in the field of nanotechnology. The catalysts
exhibited excellent performance in NH, production by
nitrate reduction compared to the mCNFs functionalized
with disordered PtFe alloys ( D-PtFe-mCNFs), with a
maximum NH, yield of 959. 6 wmol/ (h - cm*) and an FE
of 88.0% at —0.4 V vs. RHE. These results demonstrate
the excellent electrochemical catalytic nitrate reduction
NH, production performance of the catalysts.

1 Materials and Methods

1.1 Materials and reagents

Styrene, petroleum ether, tetrahydrofuran ( THF)
pyridine, cuprous bromide ( CuBr ), ammonium
hydroxide ( NH,OH, with a mass fraction of 28% -
30% ), dopamine ( DA ) hydrochloride, ferric ( III )
acetylacetonate, platinum ( IV ) chloride hexahydrate
(H,PtCl; - 6H,0) and ethanol were purchased from
Shanghai Chemical Corp., China. 2-Bromoisobutyryl
bromide and N, N, N’, N’, N’ -pentamethyl-
diethylenetriamine ( PMDETA ) were purchased from
Aladdin Industrial Co., Ltd., China. Poly ( ethylene
oxide) with a relative molecular mass of 5 000 ( PEO-
5000), potassium hydroxide ( KOH) and commercial
Pt/C (mass fraction of Pt is 20% ) were purchased from
Sigma-Aldrich, USA.
1.2 Synthesis of PEO-b-PS diblock copolymer

PEO-b-PS diblock copolymer was synthesized using
an atom transfer radical polymerization ( ATRP) method,
which involved two steps. In the first step, the micro-
initiator PEO-Br was prepared through an acyl bromide
reaction. In the second step, the previously prepared
PEO-Br (5.00 g), along with CuBr (0.15 g),
PMDETA (0.50 g) and styrene (35 mL), were added
to an ampoule bottle and subjected to three freeze-pump-
thaw cycles to remove any residual gases. Subsequently,
petroleum ether (200 mL) was added to the solution to
induce the precipitation of the PEO-b-PS diblock
copolymer. The copolymer was collected, washed with
petroleum ether, and then dried under vacuum conditions
at 40 C.
1.3 Synthesis of O-PtFe-mCNFs

In a typical synthesis, PEO-b-PS (50 mg) was
dissolved in THF (8 mL ) to obtain a transparent
solution. After stirring for 5 min, DA hydrochloride
(80 mg) was added. Sequentially adding metal salts
(ferric ( Il ) acetylacetonate, platinum ( IV ) chloride
hexahydrate) and reacting for 5 min, the solution became
purple-red and then black owing to metal ions’ high
oxidation capability. Then, CNFs (1 mg) were injected
into the solution above. After reacting, the as-made
samples were obtained by centrifuging and washed using
water. The obtained black precipitates were freeze-dried

and then carbonized at 750 C in an NH, atmosphere.
1.4 Synthesis of D-PtFe-mCNFs

As a comparison, D-PtFe-mCNFs were prepared in
an N, atmosphere.
1.5 Material characterizations

Ultraviolet ( UV )-visible absorption spectra were
acquired using a UV-1900i instrument ( Shimadzu,
Japan). The morphologies of catalysts were investigated
using scanning electron microscopy ( SEM) ( TESCAN/
MAIA3, Czech ), transmission electron microscopy
(TEM ), and high angle angular dark field-scanning
transmission electron microscopy ( HAADF-STEM ).
Energy-dispersive X-ray spectroscopy ( EDS) elemental
mapping analysis was acquired using Talos F200S
(Japan) operated at 200 kV. X-ray diffraction ( XRD)
measurement was conducted using a Rigaku D/Max-2550
PC diffractometer (Japan). Raman spectra were acquired
using a reflex Invia-Reflex Raman microscope with a
532 nm laser excitation ( Britain ). X-ray photoelectron
spectroscopy ( XPS ) spectra were obtained using an
Escalab 250Xi (Japan) equipped with Al K radiation. N,
sorption was carried out with Quantachrome Autosorb-iQ
(German) to measure Brunauer-Emmett-Teller ( BET )
surface area and pore size distribution. Inductively
coupled plasma ( ICP) spectra were obtained using
Prodigy-ICP (USA).
1.6 Electrochemical measurements

In a typical three-electrode cell system, platinum
(1 cm®) was the counter electrode at the position of the
anode, and a saturated mercurous chloride electrode was
used as a reference electrode to balance the potential.
O-PtFe-mCNFs could be firsthand used as the cathode
electrode. Electrochemical tests were conducted on a
CHI 660D ( Shanghai CHI Instruments Co., China). All
potentials measured for saturated calomel electrodes
( SCEs ) were converted to a reversible hydrogen
electrode (RHE) scale.

Eyp = Eyp + 0.2514 + 0.059 H, (1)

RHE

where E, . is the electrode potential against the RHE;
E; is the applied potential against the SCE; H is the pH
value.

The electrochemical double-layer capacitance C, was
calculated via linear fitting of the capacitive current
densities at 0. 35 V vs. RHE, as a function of the scan
rate. The slope obtained from this fitting represented the
value of C,. The electrochemical active surface area
(ESCA ) A.,, of the catalysts was subsequently
calculated as

Cil

Apey = —, 2
ESCA Cs_ ( )
where C, is assumed to be 40 wF/cm®, which is the
general specific capacitance for an atomically smooth
planar  surface under homogeneous electrolytic
conditions.
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2 Results and Discussion

2.1 Morphological analyses of O-PtFe-mCNFs and
D-PtFe-mCNFs

The PtFe alloy nanoparticles were confined in a one-
dimensional mCNF framework by an interfacial
mononuclear  assembly  strategy, followed by
carbonization in an NH, atmosphere. Firstly, upon the
addition of DA, metal ions and PEO-b-PS to a mixed
water/ethanol solution, the phenolic hydroxyl group in
DA complexed with the metal ions and formed DA-PtFe.
As shown in Fig. 1, the UV-visible absorption spectrum
of DA-PtFe ion solution reveals an additional peak at
440 nm induced by ligand-to-metal charge transfer,
which confirms the formation of DA-PtFe ion complexes.

— DA
DA-PtFe

Absorbance

300 400 500 600 700 800
Wavelength/nm

Fig. 1 UV-visible absorption spectra of DA and DA-PtFe ion solution

Subsequently, DA-PtFe ion complexes further
interacted with the PEO segment of PEO-b-PS to form
metal-organic composite cluster crystals. Firstly, upon
the addition of acid-treated CNFs, the composite cluster
crystals were attached to their surfaces due to electrostatic
and hydrogen bonding interactions. Then, with the
extension of reaction time, the adjustment of solution pH
would trigger the cross-linking of DA. Finally, the
metal-DA organic-inorganic composite structure was
formed. Figure 2 shows the TEM images of the samples
extracted at different reaction time. As the reaction time

500 nm
T SE—————

increases, the composite micelles are more uniformly
attached to the surface of CNFs due to electrostatic and
hydrogen bonding interactions.

The above superstructures were annealed in an NH,
atmosphere at 750 C to form O-PtFe-mCNFs. SEM
images ( Figs. 3 (a) and 3 (b)) and TEM images
(Figs. 3(c) and 3 (d)) demonstrate that the mCNFs
exhibit a uniform mesoporous structure, with pore sizes
distributed uniformly at approximately 10 nm. Among
these, the PtFe alloy nanoparticles are dispersed uniformly
throughout the entire framework, contributing to the
enhancement of the catalyst activity through this
homogeneous dispersion. The particles are protected by the
CNF carrier which prevents agglomeration after high-
temperature annealing and enables the catalysts to maintain
stable catalytic performance. The EDS elemental mappings
of the PtFe alloy nanoparticles (Figs. 3(e)-3(g)) reveal
overlapping distributions of Fe and Pt elements, indicative
of the formation of the PtFe alloy nanoparticles.

250-nm
e
R

250 nm 250 nm
R— P—

(©) (d
Fig.2 TEM images of samples extracted at different reaction time:
(a) Omin; (b) 15min; (¢) 1 h; (d) 8h
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Fig. 3 Morphological analyses of O-PtFe-mCNFs: (a)—(b) SEM images; (c)-(d) TEM images;
(e)-(g) HAADF-STEM image and corresponding EDS elemental mappings

D-PtFe-mCNFs were prepared under an N,
atmosphere. Through detailed observation by SEM
(Figs. 4(a) and 4(b)) and TEM (Figs. 4(c) and
4(d)), it is found that D-PtFe-mCNFs exhibit a core-
shell structure similar to that of O-PtFe-mCNFs.

200 nm
D ——

Furthermore, the elemental distribution of
D-PtFe-mCNFs was analyzed in detail using EDS
elemental mapping. As demonstrated in Figs. 4 (e) -
4(g), the uniform distribution of metal elements
confirms the formation of the PdFe alloy nanoparticles.

200 nm

(b)

@
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Fig. 4 Morphological analyses of D-PtFe-mCNFs: (a)—(b) SEM images; (c)—(d) TEM images;
(e)-(g) HAADF-STEM image and corresponding EDS elemental mappings

2.2 Structural analyses of O-PtFe-mCNFs and
D-PtFe-mCNFs
The crystal shape and the structure of Fe-mCNFs,
Pt-mCNFs, O-PtFe-mCNFs and D-PtFe-mCNFs were
analyzed by XRD. As can be seen from the XRD spectra
(Fig. 5(a)), the broader diffraction peaks appear near
25° and correspond to the carbon carriers™ . By the
inquiry of power diffraction file (PDF), in contrast to
the XRD spectra of Fe-mCNFs ( PDF #52-0513) and
Pt-mCNFs ( PDF#46-1043 ), the XRD diffraction peaks
of O-PtFe-mCNFs exhibit significant clarity and the
diffraction peak intensities are markedly elevated. This is
attributed to the alloying of the two metals (Pt and Fe)
under the influence of high temperature, and the
strengthening of the electronic interactions between Pt and
Fe results in a more regular and organized crystalline
shape. O-PtFe-mCNFs exhibit discernible diffraction
peaks of the Pt crystal structure at 26 values of
approximately 40.6° and 47.2°, corresponding to the
(111) and (200) crystal faces of Pt, respectively. In

m (111) Fe-mCNFs
---'-‘Lk
m (111) (200) Pt-mCNFs
~ "——k
2 (111) O-PtFe-mCNFs
2| o1y 110y || (200)
= Qo1  (202) @311
I PDF#46-1043
|
PDF#52-0513
[ | 1 1
| PDF#65-3253
PR | N 1y 1 i o 1ot
20 30 40 50 60 70 80 90

20/(°)
(a)

addition, a detailed study reveals that the diffraction peak
of O-PtFe-mCNFs at the 26 position of the Pt (111)
crystal face undergoes a significant positive shift
compared to that of Pt-mCNFs. This directly suggests
that the alloying of Pt with Fe has occurred. It is
noteworthy that O-PtFe-mCNFs exhibit small and sharp
diffraction peaks near 260 of approximately 23.1° and
32.7°, which can be attributed to the (001) and (110)
superlattice  diffraction peaks of the intermetallic
compound PtFe, respectively ( PDF # 65-3253 ). The
appearance of such superlattice diffraction peaks confirms
the formation of the alloy with a chemically ordered
structure. In contrast, as shown in Fig. 5(b), the XRD
spectrum of D-PtFe-mCNFs exhibits the characteristics of
a typical disordered PtFe alloy, with only two diffraction
peaks at 42. 3° and 49. 3°, corresponding to (111) and
(200), respectively ( PDF#04-02-8944.)" . It can be
demonstrated that the interfacial single-beam assembly
strategy, when combined with the NH, heat treatment
process, results in the ordering of PtFe alloys.

Intensity

PDF#04-02-8944

L L ]
70 80

20 30 40 50 60
26/(°)
(b)

90

Fig. 5 XRD spectra of samples; (a) Fe-mCNFs, Pt-mCNFs and O-PtFe-mCNFs; (b) D-PtFe-mCNFs

XPS was employed to -elucidate the electronic
structures of O-PtFe-mCNFs and D-PtFe-mCNFs. The
total spectra (Fig. 6(a) ) unambiguously demonstrate the
presence of the elements C, O, N, Fe and Pt. The high-
resolution XPS spectra of all metal elements reveal that
the intensity of the metallic state peaks in O-PtFe-mCNFs
is higher than that in D-PtFe-mCNFs, indicating enhanced

electronic interactions between the metal atoms in the more
ordered distribution of O-PtFe-mCNFs. The N 1s spectra
can be decomposed into pyridinic-N ( 398.2 eV ),
pyrrolic-N (399. 6 eV) and graphitic-N (401.0 eV) ",
The pyridinic-N and graphitic-N have a strong electron-
donating ability, thus accelerating the electron transfer
and the electrocatalytic reduction reaction. The contents
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of pyridinic-N and graphitic-N in O-PtFe-mCNFs are
significantly higher than those in D-PtFe-mCNFs
(Fig.6(b)). Figure 6 (c) illustrates the split-peak
spectrum of O-PtFe-mCNFs, Pt 4f. The peaks with
binding energies at 72.1 eV and 75.4 eV correspond to
the O-valence state Pt (0)™", which is shifted in a
negative direction ( 0.23 eV ) in O-PtFe-mCNFs as
compared to the peak position of the Pt (0) binding
energy in D-PtFe-mCNFs. Figure 6 (d) shows the
spectrum of Fe 2p in O-PtFe-mCNFs. The peak around

Fe2p O1s N1s |cis
Pt 4f
O-PtFe-mCNFs

Intensity

D-PtFe-mCNFs
1 L L 1

il
1200 1000 800 600 400 200 0
Binding energy/eV

(a)

Pt 4f

023 eV
_—

O-PtFe-mCNFs ~ n
Pt 4f .

Intensity

D-PtFe-mCNFs

80 78 76 74 72 70 68
Binding energy/eV
(©)

706.2 eV corresponds to pure Fe in the O-valence state
Fe(0)'™ . The binding energy peak position of Fe 2p in
O-PtFe-mCNFs is shifted in the positive direction (0.37 eV)
as compared to that of Fe(0) in D-PtFe-mCNFs. This shift
can be attributed to the formation of an alloy between Pt
and Fe. The presence of Fe in the Pt lattice results in the
interaction of Pt with Fe, which in turn affects the
electronic structure of Pt due to the difference in
electronegativity. This change positively affects the
adsorption capacity of the catalyst for nitrate.

His Pyrrolic-N

Pyridinic-N

Intensity

D-PtFe-mCNFs
L

1 1L 1 1 1 1

406 404 402 400 398 396 394
Binding energy/eV
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Fig. 6 XPS spectra of O-PtFe-mCNFs and D-PtFe-mCNFs: (a) total spectra; (b) N 1s; (c¢) Pt4f; (d) Fe 2p

Nitrogen adsorption-desorption isotherms were
employed to ascertain the BET specific surface area and
the pore property of O-PtFe-mCNFs and D-PtFe-mCNFs,
as shown in Figs. 7(a) and 7(b). In Fig. 7(b), dV/dD
represents the change in pore volume V corresponding to
a unit change in pore diameter D. In the range of a
relative pressure of 0. 4-0. 8, the pore structure of both
materials exhibit a typical IV-type curve with a distinct
H, hysteresis loop, indicative of a mesoporous
structure'™ . The BET specific surface areas of O-PtFe-
mCNFs and D-PtFe-mCNFs are 282.62 m°/g and
222.18 m®/g, respectively, while their pore volumes are
0.43 cm’/g and 0. 34 cm®/g, correspondingly. The BET

specific surface area and pore volume of O-PtFe-mCNFs
are larger than those of D-PtFe-mCNFs. This can be
attributed to the NH, etching, which leads to the
enhancement of micropores in the carbon frameworks and
thus provides more surface for the catalytic reaction. The
PtFe alloy mCNFs have adsorption branch pore size
distributions all centered on 10 nm. These findings are in
good agreement with the TEM observations. The BET
results indicate that O-PtFe-mCNFs have larger surface
area and more mesoporous pores. These characteristics can
facilitate the reduction of nitrates by providing abundant
active sites and exposing more active sites, which can also
promote mass transfer and electron transfer effectively.



Mesoporous Carbon Nanofibers Loaded with Ordered PtFe Alloy Nanoparticles for Electrocatalytic

Nitrate Reduction to Ammonia 371

300

—o— O-PtFe-mCNFs
—o— D-PtFe-mCNFs

Adsorbed volume/(cm?/g)

0.0 0.2 04 0.6 0.8 1.0
Relative pressure

(a)

0.08

—o— O-PtFe-mCNFs
—o— D-PtFe-mCNFs

0.06 1

dV/dD/[em®/(g-nm)]
f=J
2

5 10 15 20 25 30 35 40
Pore size/nm

(b)

Fig. 7 BET specific surface area and pore property of O-PtFe-mCNFs and D-PtFe-mCNFs. (a) N, adsorption and

desorption curves; (b) pore size distribution

As shown in Fig. 8, the Raman spectra of the
resulting catalysts exhibit two peaks at 1340 cm™ (D
band) and 1588 cm™ ( G band)'™’. The former is
indicative of sp” disordered carbon, while the latter is
representative of sp” graphitic carbon. The intensity ratio
of the D band to the G band I,/ is indicative of the
degree of graphitization and the defect density of the
carbon-based materials. = The [,/I;, values of
O-PtFe-mCNFs and D-PtFe-mCNFs are 0. 83 and 0. 63,
respectively, suggesting that NH, annealing results in
nitrogen enrichment within the carbon-based matrix,
thereby increasing the number of defect sites.

Dband G band

1/1,=0.83

O-PtFe-mCNFs

/\\ 1,/1,=0.63
D-PtFe-mCNFs W

900 1200 1500 1 800 2100

Raman shift/cm™!

Intensity

Fig.8 Raman spectra of O-PtFe-mCNFs and D-PtFe-mCNFs
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ICP analyses of O-PtFe-mCNFs and D-PtFe-mCNFs
were performed. The ICP results shown in Table 1
demonstrate that the mass fractions of Fe and Pd are
consistent with the metal additions.

Table 1 Elemental analysis results

Sample Mass fraction of Fe/% Mass fraction of Pd/%
O-PtFe-mCNFs 10. 57 10. 33
D-PtFe-mCNFs 12.24 10. 46

2.3 Electrochemical NO,RR performance

O-PtFe-mCNFs were initially evaluated in a standard
three-electrode H-cell with a linear scanning voltammetric
(LSV) curve. Figure 9(a) illustrates the outcomes of the
measurements conducted on O-PtFe-mCNFs in a 1 mol/L
KOH electrolyte without NO; and with an NO, mass
concentration of 1400 mg/L, respectively. The curve
current density J growth in the electrolyte containing NO,
is significantly faster than that in the electrolyte without
NO,. This is mainly because the presence of NO,
promotes the increase in current density, thereby revealing
the occurrence of the NO,RR. Furthermore, in comparison
to D-PtFe-mCNFs, O-PtFe-mCNFs exhibit a pronounced
shift in potential, reaching —0.04 V vs. RHE. The onset
potential is more positive, and the current density can
reach 300 mA/cm” at —0.6 V vs. RHE (Fig. 9(b)).
This suggests that O-PtFe-mCNFs exhibit enhanced
activity in the electrocatalytic NO,RR.

/
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-300
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== D-PtFe-mCNFs
,450 L L 1
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Fig.9 LSV curves: (a) O-PtFe-mCNF with and without NO; environment; (b) O-PtFe-mCNFs and D-PtFe-mCNFs with NO; environment
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To validate the results of LSV, FE and NH, yields at
different voltages were measured and calculated. The
calibration curves (A represents the absorbance; c is the
concentration ; R represents the correlation coefficient) of
NO;, NO; and NH, " as shown in Fig. 10 are first plotted

yields of O-PtFe-mCNFs and D-PtFe-mCNFs at
-0.7V vs. RHE are 959.6 wmol/(h - cm®) and
578. 63 wmol/(h - cm®) , respectively. Particularly at a
potential of —0.4 V vs. RHE, O-PtFe-mCNFs for NH,
synthesis reaches an FE of 88. 0% , outperforming most

of the reported catalysts ( Table 2 ). O-PtFe-mCNFs
possess stronger electrocatalytic nitrate reduction
performance compared with D-PtFe-mCNFs. In
addition, as shown in Fig. 12, the FE and NH, yields

using a colorimetric method to quantify the reactants and
products. It can be seen from Fig. 11 that the NH, yields
exhibit a pronounced increase when the potential is altered
from —0.3 V vs. RHE to —0.7 V vs. RHE. Both

O-PtFe-mCNFs and D-PtFe-mCNFs achieve the optimal of O-PtFe-mCNFs decrease only slightly after
NH, yields at a potential of —0.7 V vs. RHE. The NH, 10 cycles, indicating their strong stability.
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Fig.11 NH, yield and FE plots: (a) O-PtFe-mCNFs; (b) D-PtFe-mCNFs
Table 2 Comparison of catalytic reaction performance of O-PdFe-mCNFs with catalysts reported in literature
NH,; yield/
Catalyst Electrolyte FE/ % 5 Reference
[ pmol/ (h-cm?) ]
O-PdFe-mCNFs 1. 0 mol/L KOH+0. 1 mol/L NO; 88.0 959. 6 This work
Fe SAC 0.1 mol/L K,SO,+0. 5 mol/L NO; 74.9 558.6 [21]
Pd NC 0.1 mol/L K,SO,+0. 1 mol/L NO; 79.9 666. 0 [32]
Pd/TiO, 1 mol/L LiCl+0. 25 mol/L NO; 92.0 65.8 [33]
Pd-Cu,O 0.5 mol/L K,SO,+50x10"° mol/L NO; 96.5 54.4 [34]
Co-Fe@ Fe, O, 0. 1 mol/L Na,SO,+50x10™® mol/L NO; 85.2 51.8 [35]
In-S-G 1. 0 mol/L KOH+0. 01 mol/L NOj 75.0 74.8 [28]
NiFe@ Fe,O, 0. 01 mol/L NaCl+0. 003 mol/L NOj 19.6 34.7 [36]
Ag-Ni films 1. 0 mol/L NaOH+0. 02 mol/L NO; 83.0 100. 0 [37]
CuNi NC 0. 1 mol/L PBS+0. 003 mol/L NO; 79.6 12.9 [30]
Ru nanoclusters 1. 0 mol/L KOH+1 mol/L NO; 45.0 1170.0 [38]

Notes: SAC is short for single-atom catalyst; NC is short for nanocrystalline; In-S-G is short for indium (In) in sulfur-doped
graphene.
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Fig. 12 NH; yield and FE of O-PtFe-mCNFs at —0.4 V vs. RHE after different cycle numbers

The C, values of O-PtFe-mCNFs and D-PtFe-
mCNFs were tested. The cyclic voltammetry ( CV)
curves of D-PtFe-mCNFs exhibit a shuttle shape, while
those of O-PtFe-mCNFs are more rectangular. The closed
curve area of O-PtFe-mCNFs is significantly larger than
that of D-PtFe-mCNFs, indicating that O-PtFe-mCNFs
exhibit higher electrochemical activity ( Fig. 13 ).
Furthermore, the C, values are calculated, as shown in
Fig. 14. The results demonstrate that the C, value of
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D-PtFe-mCNFs is 37. 6 mF/cm’, whereas the C,, value
of O-PtFe-mCNFs is as high as 49.7 mF/cm’. This
indicates that O-PtFe-mCNFs have a greater number of
active sites. The calculation of ECSA is carried out using
Eq. (2). Specifically, the ECSA of D-PtFe-mCNFs is
35.00 cm®, while that of O-PtFe-mCNFs is as high as
86.50 cm®. This remarkable advantage further confirms
the high activity of O-PtFe-mCNFs in the electrocatalytic
NO,RR.
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Fig. 13 CV curves with different scan rates; (a) O-PtFe-mCNFs; (b) D-PtFe-mCNFs
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Fig. 14 C, curves of O-PtFe-mCNFs and D-PtFe-mCNFs

3 Conclusions

In this study, we synthesized O-PtFe-mCNFs using
PEO-b-PS as a templating agent in combination with
composite micellar interface-induced co-assembly. The
resulting one-dimensional mCNFs exhibited a clear
structure with a uniform mesopore size of approximately
10 nm. The ordered PtFe alloy nanoparticles were
protected by the restricted domain of the mCNF carrier,
and the particles did not agglomerate and grow after high-
temperature annealing, which avoided the loss of activity.
In comparison to D-PtFe-mCNFs, O-PtFe-mCNFs
exhibited super-ordered lattice diffraction peaks (001 )
and ( 110 ). The interfacial single-beam assembly
strategy , combined with the NH, heat treatment process
could be employed to synthesize ordered PtFe alloys. The
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high degree of alloying of Pt and Fe in the ordered PtFe
alloys was demonstrated by the XPS analysis, which
positively affected the adsorption capacity of the catalysts
for nitrate. The electrocatalytic nitrate reduction
performance of O-PtFe-mCNFs was evaluated, and the

results demonstrated that O-PtFe-mCNFs exhibited
superior activity in the electrocatalytic NO,RR.
O-PtFe-mCNFs exhibited excellent NH, production

performance for nitrate reduction with a maximum NH,
yield of 959.6 pmol/(h - cm®), in comparison to
D-PtFe-mCNFs. Furthermore, the FE of O-PtFe-mCNFs
reached —0.4 V vs. RHE, with an efficiency of 88. 0%.
The ECSA increased by 2.5 times ( 86.50 cm® ),
confirming the high activity of O-PtFe-mCNFs in the
electrocatalytic NO,RR. This further demonstrated the
great potential of O-PtFe-mCNFs for the electrocatalytic
NO,RR.
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