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Bio-Inspired Aerobic-Hydrophobic Janus Interface on Partially
Carbonized Iron Heterostructure Promotes Bifunctional Nitrogen

Fixation
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Johan Hofkens, Feili Lai,* and Tianxi Liu*

Abstract: Competition from hydrogen/oxygen evolution
reactions and low solubility of N, in aqueous systems
limited the selectivity and activity on nitrogen fixation
reaction. Herein, we design an aerobic-hydrophobic
Janus structure by introducing fluorinated modification
on porous carbon nanofibers embedded with partially
carbonized iron heterojunctions (Fe;C/Fe@PCNF-F).
The simulations prove that the Janus structure can keep
the internal Fe;C/Fe@PCNF-F away from water infiltra-
tion and endow a N, molecular-concentrating effect,
suppressing the competing reactions and overcoming the
mass-transfer limitations to build a robust “quasi-solid—
gas” state micro-domain around the catalyst surface. In
this proof-of-concept system, the Fe;C/Fe@PCNF-F
exhibits excellent electrocatalytic performance for nitro-
gen fixation (NHj yield rate up to 29.2 ygh ‘*mg!,, and
Faraday efficiency (FE) up to 27.8% in nitrogen
reduction reaction; NO;  yield rate up to
15.7pgh'mg',, and FE up to 3.4% in nitrogen

oxidation reaction). )

Introduction

Nitrogen chemistry is essential for the sustainability of all
life forms and the development of numerous industrial
processes.'”! In nature, an important pathway for nitrogen
fixation is through a class of enzymes known as nitrogenases,
which have, however, a low efficiency. This, together with
increasing demands in agriculture, has given rise to booming
synthetic nitrogen industries: (1) The nitrate industry relies
on the Ostwald process by multi-step NH; oxidation
reactions under harsh conditions (i.e., 673-873 K, 15-
25 MPa);*" (2) The ammonia industry is highly supported
by the famous Haber-Bosch process to reduce N, with H,
molecules at high pressure (20-30 MPa) and temperature
(over 773 K).B' Therefore, both the Ostwald and Haber-
Bosch processes are energy-intensive (1-2% of global
energy consumption) and subsequently responsible for
massive carbon dioxide emissions (/420 Mt per year). As a
result, there is an urgent need to explore energy-efficient
and environmentally sustainable alternative techniques for
artificial N, fixation. Among various (bio)chemical strat-
egies, electrochemical nitrogen oxidation reaction (NOR)
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and nitrogen reduction reaction (NRR) are promising
technologies for nitrogen fixation under ambient conditions,
which are powered by renewable electricity with inexhaus-
tible water as the hydrogen/oxygen source instead of fossil
fuels.'"""! However, the current electrocatalysts can only
achieve either NRR or NOR processes, which originates
from the different reaction mechanisms between N,—H,O
and N,—O, coupling processes, making it urgent to construct
advanced bi-functional electrocatalysts with reasonable
structures and designs.

Iron, as one of the most abundant metals on earth,
occurs in biological nitrogenases for natural N, fixation and
therefore we reasoned that it is a promising candidate for bi-
functional electrocatalysts of NRR and NOR processes.??"*"
However, the development of NRR and NOR electro-
catalysts (not only for iron-based ones) is hampered by two
challenges of low ammonia/nitrate yield rate and limited
Faradaic efficiency. The low ammonia/nitrate yield rate
originates from the high bond energy of the N=N triple
bond in chemically inert N, gas (940.95 kJmol ™), resulting
in sluggish adsorption and activation of N, molecule on the
surface of electrocatalyst.”>*! Recently, various strategies,
including incorporating defect structures and heterojunction,
have been put forward to regulate the charge distribution on
the surface of the electrocatalyst and modulate the coupling
behavior between the electrocatalyst and the N,
molecule.’*®! Attributing to the continuous charge redis-
tribution around the two-phase boundary in the hetero-
junction, it can accept lone-pair electrons from N, and
return electrons to the n orbitals of N,, thus facilitating
strong absorption and activation of N, to kinetically drive
nitrogen fixation reaction. However, due to the low
solubility of N, gas in aqueous-based electrolytes, the
effective collision between N, molecule and electrocatalyst
is confined dramatically. The well-designed active sites by
the above-mentioned strategies would be fully occupied by
abundant water molecules, leading to the overwhelming
competing water splitting reactions, including hydrogen
evolution reaction (HER) and oxygen evolution reaction
(OER), and limited Faradaic efficiency for nitrogen fixa-
tions (NRR and NOR).”* In order to improve the nitro-
gen fixation performance efficiently and selectively, the
modulation of the mass transfer near the catalyst interface
can be a feasible strategy to surmount the above
challenges. It has been proven as a useful method to limit
H,0 accessibility by constructing a hydrophobic layer
between the electrolyte and the electrocatalyst, thereby
inhibiting the H,0-involved competing reactions.’"! How-
ever, the N, concentration around the catalyst in these
methods is still low and locally uneven due to the uncontrol-
lable and inhomogeneous coverage of hydrophobic layers,
hindering the effective interaction of the solid catalyst with
the gas, which makes it a pending challenge on how to
suppress water electrolysis efficiently without any sacrifice
of ammonia/nitrate yield rate.

Inspired by nature,”®*! we introduced hydrophobicity
based on the “abdomens villus effect” encountered in
aquatic arachnids, such as the water spider (Argyroneta
aquatica) in Figure 1a. The Argyroneta aquatica can capture
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air and breathe underwater owing to the hydrophobic villus
on its abdomen. Hydrophobicity contributes to the trapping
of gases when it is engineered in a micro-/nano-scale
interfacial structure.”**1 Herein, we report a selective and
efficient bifunctional electrocatalyst for nitrogen fixation by
constructing an aerobic-hydrophobic Janus structure, which
is fluorinated porous carbon nanofibers embedded with
partially carbonized iron heterojunctions (Fe;C/Fe@PCNF-
F). The aerobic-hydrophobic 1H, 1H, 2H, 2H-perfluorode-
canethiol (pFDe) layer can keep the internal Fe,C/
Fe@PCNF-F away from water penetration and contribute to
the diffusion N, gas that can be stored in the porous carbon
nanofibers, resulting in local high N, concentrations. There-
fore, the aerobic-hydrophobic Janus structure forms a robust
“quasi-solid—gas”-state microenvironment around the cata-
lyst for efficient nitrogen reduction and oxidation reactions
(Figure 1a). Molecular dynamics (MD) and COMSOL
Multiphysics simulations confirm the positive role of the
Janus structure in preventing water infiltration and over-
coming the overall limitations of gas mass transfer. Con-
sequently, the Fe;C/Fe@PCNF-F exhibits excellent electro-
catalytic performance for nitrogen fixation (NH; yield rate
up to 29.2 ugh'mg',, and Faraday efficiency (FE) up to
27.8 % in NRR; NO;~ yield rate up to 15.7 ygh™'mg™'.,, and
FE up to 3.4% in NOR). Density functional theory
calculations elucidate the catalytic reaction mechanism on
the partially carbonized iron heterostructure and suggest
reduced energy barriers, which can also be demonstrated
from the in situ vibrational and mass spectrometry charac-
terization with the successful detection of reaction inter-
mediates experimentally to validate the nitrogen fixation
reaction pathway.

Results and Discussion

To understand the function of the 1H, 1H, 2H, 2H-
perfluorodecanethiol (pFDe) layer in constructing an aero-
bic-hydrophobic Janus interface, the nitrogen and water
diffusions within pFDe (Figure S1) and blank models were
carried out by molecular dynamics (MD) simulations, where
a 0.1 M Na,SO, solution supersaturated with nitrogen
molecules was applied as the electrolyte. The initial config-
urations in the simulation boxes were set up by placing the
water and nitrogen molecules at the top and bottom
positions randomly, where the direction from top to bottom
in the constructed model is defined as the Z-direction. The
two-layer pFDe membranes stacked with pFDe molecules
divide the simulation box into three parts along the Z-
direction, while the counterpart is the blank box. Figures 1b
and 1lc show several snapshots for the distributions of N,
and H,0O molecules in pFDe and blank models as function
of diffusion times. When the diffusion time increases from 0
to 1000 ps, the N, molecules will gradually penetrate and
stay between two pFDe layers, while most H,O molecules
are isolated outside the pFDe layer and unable to access the
central part. In great contrast to the blank model, the H,O
molecules can spread freely in the simulation box to achieve
a homogeneous distribution of H,O molecules within a short
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Figure 1. Introduction to the aerobic-hydrophobic Janus interface and MD simulations of N, and H,O diffusion. a) Mechanism for improving the
selectivity and activity of electrochemical nitrogen fixations (NRR and NOR processes) with/without an aerobic-hydrophobic Janus interface.
Snapshots for the distributions of N, and H,O molecules in b) pFDe model and c) blank model. Here, the cyan, yellow, red, white, and blue balls
represent C, S, O, H, and N atoms, respectively. d) The average densities for N, and H,O molecules along the Z-direction of pFDe model (from
top to bottom in the simulation box). e) The number of N, and H,O molecules within the pFDe layer from 0 to 20 ns. f) Electrostatic and vdW

interactions of N, and H,0O molecules with pFDe molecules.

diffusion time of 50 ps (Figure S2). By taking the diffusion
process from 9 to 10 ns as an example, the average density
of H,O molecules through positions of the pFDe layer (from
2.0 to 82nm along the Z direction) drops dramatically
(Figure 1d). After counting the N, and H,O molecules that
passed through the pFDe layers statistically, the N, mole-
cules show a higher diffusion capacity than H,O molecules
(Figure le), indicating that the hydrophobic modification
can inhibit the water penetration without affecting the
nitrogen diffusion. Moreover, the investigations of the
electrostatic and van der Waals (vdW) interactions between
pFDe and N,/H,O molecules indicate that the coated pFDe
layers show stronger vdW attractions towards N, molecules
as compared to H,0O molecules (Figure 1f) and lead to the
superior nitrogen adsorption capacities. These results con-
firm that the hydrophobic behavior of pFDe layer is
beneficial to realizing a “quasi-gas-solid” state in the interior
space as a localized high-concentration nitrogen region to
favor the nitrogen fixation reactions (NRR and NOR) and
suppressing the competing reactions (HER and OER).
Inspired by the concept revealed by MD simulations, we
select partially carbonized iron heterostructure nanopar-
ticles as the electrocatalyst to construct fluorinated porous
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carbon nanofiber with aerobic-hydrophobic Janus interface
by using sol-gel electrospinning, pyrolysis, and fluorinated
modification (Figure S3). Initially, we prepared a stable sol
by combining polyacrylonitrile (PAN), polyvinyl pyrrolidone
(PVP), and various metal salts of iron(III) and zinc(II)
acetates. The strong coordination between the metal ions
and the carbonyl groups of the PVP molecules enabled the
formation of PAN/PVP-Fe/Zn cross-linking networks, which
contributed to the stability of the sol. Subsequently, the
PAN/PVP-Fe/Zn sol was stretched rapidly by electrospin-
ning technique to generate pliable gel-state Fe/Zn@PAN/
PVP nanofiber films (Figure S4). After undergoing hetero-
geneous nucleation during the pyrolysis process, the uni-
formly dispersed iron ions within the metal-polymer nano-
fibers were changed into tiny iron oxide nanocrystals. As the
gradual decomposition of PVP molecules under high tem-
perature, abundant small organic molecules, such as hydro-
carbons or CO, are produced to reduce the iron oxide
nanoparticles (NPs) into Fe with partially carbonized Fe;C
heterostructure, namely Fe;C/Fe@PCNF (more details are
discussed in Figure S5). Finally, the Fe,C/Fe@PCNF was
modified with pFDe molecule to construct an aerobic-
hydrophobic structure on the Fe;C/Fe@PCNF-F. Field-
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emission scanning electron microscopy (FESEM) image
shows that the Fe;C/Fe@PCNF-F nanofibers exhibit well-
maintained fibrous morphology with an average diameter of
about 250 nm (Figure S6), demonstrating that the metal-
polymer interactions and the internal stress caused by
pyrolysis allow for the localized nucleation and confined
growth of Fe;C/Fe NPs. The transmission electron micro-
scopy (TEM) images (Figure 2a&S7) prove that Fe;C/Fe
NPs are confined in the nanofibers uniformly with ultrasmall
sizes (~15.3+2.1 nm in diameter). This result suggests that
the strategy followed for preparing PAN/PVP-Fe/Zn sol is
beneficial to not only in situ decomposing and transforming
into ultrafine Fe;C/Fe NPs but also avoiding aggregation of
Fe NPs (Figure S8). The high-resolution TEM image (HR-
TEM) presents distinct lattice fringes with interlayer spac-
ings of 0.202 and 0.238 nm assigned to the (110) crystal plane
of Fe and (121) crystal plane of Fe;C, respectively (Fig-
ure 2b). The twinborn facets of Fe and Fe;C crystals confirm
the successful formation of partially carbonized Fe;C/Fe
heterostructure in the Fe;C/Fe@PCNF-F. Energy-dispersive
X-ray spectroscopy (EDS) elemental mappings (Fig-
ure 2c&S9) further certify the elemental composition of
Fe,C/Fe@PCNF-F with uniform distributions of C, O, Fe,
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and F elements. The X-ray diffraction (XRD) pattern of
Fe;C/Fe@PCNF-F presented in Figure 2d shows an intense
peak located at 26° corresponding to the (002) plane of
graphite carbon and indicates its high graphitization degree.
Meanwhile, the diffraction peaks located at 37.7°, 44.9°,
48.6°, 49.1°, and 44.6° can be well indexed to the (121),
(031), (131), and (221) planes for Fe;C and (110) plane for
Fe, respectively. It is in good agreement with the HR-TEM
results and demonstrates the co-existence of Fe;C and Fe
phases in Fe;C/Fe@PCNF-F.[*

The chemical state and coordination environment of the
Fe;C/Fe@PCNF-F were further investigated by X-ray photo-
electron spectroscopy (XPS) and X-ray absorption spectro-
scopy (XAS) measurements. Apart from the observation of
C 1s, O 1s, and Fe 2p in the XPS survey spectra, the
existence of additional F 1s and S 1s peaks indicates the
successful coating of pFDe layer on the surface of Fe;C/
Fe@PCNF-F (Figure S10). As shown in the high-resolution
XPS Fe 2p spectrum of Fe;C/Fe@PCNF-F (Figure 2¢), two
pairs of peaks at the binding energy of 707.2/719.7 ¢V and
708.5/720.9 eV can be attributed to Fe—Fe and Fe—C bonds,
respectively, confirming the formation of partially carbon-
ized Fe;C phase in the metallic Fe matrix.”! The specific
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Figure 2. Structural characterization of Fe;C/Fe@PCNF-F. a) TEM image of Fe;C/Fe@PCNF-F (inset: particle size distribution of Fe;C/Fe NPs).
b) HR-TEM image of Fe;C/Fe NPs. c) High-angle annular dark-field scanning TEM image and the corresponding element mappings for C, O, Fe,
and F elements of Fe;C/Fe@PCNF-F (Scale bar: 200 nm). d) XRD pattern of Fe;C/Fe@PCNF-F. e) High-resolution XPS Fe 2p spectrum of Fe,C/
Fe@PCNF-F, and f) F 1s spectra of Fe;C/Fe@PCNF and Fe,C/Fe@PCNF-F. g) XANES spectra, h) FT-EXAFS spectra of Fe;C/Fe@PCNF-F, Fe foil,

Fe;C, and Fe,0;. i) WT-EXAFS at K-edge of Fe;C/Fe@PCNF-F and Fe foil.
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ratio between Fe;C and Fe can be determined by the
corresponding peak areas, where the ratio of Fe to Fe,;C in
Fe,C/Fe@PCNF-F is about 1.77:1. Additionally, the F 1s
spectrum of Fe;C/Fe@PCNF-F (Figure 2f) shows a distinct
peak at 688.3 eV that can be attributed to the C—F bonds in
the successfully coated pFDe layers. A series of Fe K-edge
synchrotron radiation-based X-ray absorption near-edge
structure (XANES) spectra were performed with Fe foil,
Fe,;C, and Fe,0; as the comparisons (Figure 2g). The Fe K-
edge XANES spectrum of Fe;C/Fe@PCNF-F is positioned
between the Fe foil and the Fe;C (inset in Figure 2g),
indicating that the Fe is in a partially oxidized state due to
the partially carbonized Fe heterostructure. As shown in
Figure S11, the pre-edge spectrum from Fe K-edge XANES
has been further fitted into two peaks, which can be
attributed to Fe and Fe;C. The specific ratio between Fe;C
and Fe can be quantified by the corresponding peak areas.[*’!
Based on it, the ratio of Fe to Fe;C is approximately 1.75:1,
which is in high agreement with the XPS result (Figure 2e¢).
As the Fourier transform extended X-ray absorption fine
structure (FT-EXAFS) spectra of R-space shown in Fig-
ure 2h, there are two prominent peaks for Fe;C/Fe@PCNF-
F, which originate from the scattering paths of the Fe—C and
Fe—Fe bonds, and demonstrate the formation of partially
carbonized Fe,C phase in the metallic Fe matrix.") The
wavelet transform of c(k) (WT)-EXAFS with the maximum
intensity at the (k, R) coordinate is closely associated with
the atomic number (Z) and path length (R), which can
provide pivotal clues for identifying the coordination
environment. The Fe;C/Fe@PCNF-F shows two distinct
scattering path signals at [y (k), x (R)] of about [7.8, 2.54]
and [1.6, 1.95], which are related to the Fe—Fe and Fe—C
paths, respectively (Figure 2i&S12). To determine the coor-
dination parameters of Fe;C/Fe@PCNF-F, we construct a
reasonable structural model employing density functional
theory (DFT) calculations on the basis of FT-EXAFS
spectra and fitted data (Figure S13). The FT-EXAFS fitting
data reveals that the Fe atoms in Fe;C/Fe@PCNF-F have
two coordination roles corresponding to the Fe—C and
Fe—Fe bonds. The FT-EXAFS fitting in R-space and k-space
agrees with the experimental spectra of Fe;C/Fe@PCNF-F
(Figure S14 and Table S1). The optimized lengths of Fe—Fe
and Fe—C bonds in the Fe;C/Fe model are in good agree-
ment with the EXAFS fitted data, demonstrating the ration-
ality of the Fe;C/Fe model for the following DFT calcu-
lations. Furthermore, the pore structures of the Fe;C/
Fe@PCNF and Fe;C/Fe@PCNF-F were investigated through
the N, adsorption-desorption isotherms (Figure S15a). The
distinct hysteresis loops suggest microporous and mesopo-
rous structures coexist in Fe;C/Fe@PCNF and Fe;C/
Fe@PCNF-F. Based on the Brunauer-Emmett-Teller
(BET) method, the specific surface areas of Fe;C/Fe@PCNF
and Fe;C/Fe@PCNF-F are calculated to be 404.7 and
372.5m’g"!, respectively (Figure S15b). The micro-/meso-
porous structure of Fe;C/Fe@PCNF-F originates from the
decomposition of PVP molecules and zinc salt, resulting in a
“molecular sieve” effect and preventing in situ generated
aggregation of Fe;C/Fe NPs. Consequently, the nitrogen
reactants can penetrate into the PCNF and concentrate in its
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cavities thermodynamically for the subsequent electrochem-
ical N,-fixation reactions near the surface of Fe;C/Fe NPs.[*"]

The interfacial environment related to the aerobic-
hydrophobic Janus structure was assessed by a series of
captive-bubble measurements. The N,-bubble adhesion
force on the Fe;C/Fe@CNF, Fe;C/Fe@PCNF, and Fe;C/
Fe@PCNF-F catalysts was evaluated by touching their
surfaces with N,-bubbles in 0.1 M Na,SO, electrolyte. As
shown in Figure 3a—c, the Fe;C/Fe@PCNF and Fe;C/
Fe@PCNF-F show aerophilic characters with stronger N,
bubbles adhesive force when compared to that of Fe;C/
Fe@CNF. It can also be proven through the different
deformations of the N, bubble (insets 1-3 of Figure 3a—c).
The N, bubble contact angles on the Fe;C/Fe@CNF, Fe;C/
Fe@PCNF, and Fe;C/Fe@PCNF-F surfaces reach to 151.6+
0.9°, 148.1+£1.3°, and 141.7+0.5° (inset 4 of Figure 3a—c),
respectively, demonstrating the most robust N, gas adhesion
on the surface of the Fe;C/Fe@PCNF-F catalyst. It can be
attributed to the continuous sorption of N, reactants into
the Fe;C/Fe@PCNF-F catalyst that arises from the abundant
nanoscopic cavities.”**) In addition, attributed to the
protection provided by the pFDe layer (the concept
proposed in Figure 1), the Fe;C/Fe@PCNF-F also possesses
hydrophobic properties with a higher electrolyte contact
angle of 153.1° (inset 5 of Figure 3c) than those of Fe;C/
Fe@CNF (41.5°, inset 5 of Figure 3a) and Fe;C/Fe@PCNF
(34.2°, inset 5 of Figure 3b). The advancing and receding
contact angles of N, bubble and electrolyte contact angles
for Fe;C/Fe@CNF, Fe;C/Fe@PCNF, and Fe;C/Fe@PCNF-F
were fully summarized in Figure S16 and Table S2. The
lowest advancing and receding contact angles of N, bubble
further indicate the strong aerophilic property of the Fe;C/
Fe@PCNF-F. To demonstrate the advantages of the Janus
structure in the Fe;C/Fe@PCNF-F, COMSOL Multiphysics
simulations were also conducted by constructing two models
based on the experimental observation, where a hydro-
phobically modified layer of pFDe is wrapped around Fe;C/
Fe@PCNF (Figure S17). By using the “transport of diluted
species method”, we can evaluate the two-phase (liquid and
gas) concentration distributions during the diffusion process.
The H,O concentration drops sharply in the hydrophobic
layer of Fe;C/Fe@PCNF-F as compared to the Fe;C/
Fe@PCNF (Figure 3d-f), indicating the excellent H,O resist-
ibility of the as-covered fluorinated layer and as-induced
limited H,O around the electroactive Fe;C/Fe NPs inside
the Fe;C/Fe@PCNF-F. On the contrary, sufficient N, gas
can penetrate the interior of the Fe;C/Fe@PCNF-F with
four times higher N, concentration in the center (site A) of
Fe;C/Fe@PCNF-F than that of the Fe;C/Fe@PCNF counter-
part (Figure 3g—i, Figure S18&19).

Furthermore, the electrochemical performance for nitro-
gen fixation reactions (NRR and NOR) was evaluated by
using Fe;C/Fe@PCNF and Fe;C/Fe@PCNF-F catalysts in
0.1 M Na,SO, electrolyte. To quantify the main product of
NH; after the NRR process, the NH; yield rate was
determined by averaging the values from the ultraviolet
(UV) method and nuclear magnetic resonance (NMR)
analysis with corresponding calibration curves shown in
Figure S20. Before the electrochemical NRR tests, we
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Figure 3. Characterization and COMSOL Multiphysics simulations of the aerobic-hydrophobic surface. a)—c) Nitrogen bubble adhesive force under
0.1 M Na,SO, electrolyte and hydrophobic measurements of Fe;C/Fe@CNF, Fe;C/Fe@PCNF, and Fe;C/Fe@PCNF-F catalysts. Insets 1-3 display
the different N,-bubble states during the adhesive force measurements. The insets 4-5 show the N,-bubble contact angles under electrolyte and
static-electrolyte-droplet contact angles. d)—f) The simulated distributions of H,O concentration within 10™* s for the Fe;C/Fe@PCNF-F and Fe,C/
Fe@PCNF. g—i) The simulated distributions of N, gas concentration within 107 s for the Fe;C/Fe@PCNF-F and Fe,;C/Fe@PCNF (scale-bar: 0.2

pm).

conducted a series of blank experiments to verify the purity
of 0.1 M Na,SO, electrolyte (Figure S21) and applied Ar/N,
gases (Figure S22) without any detection of NH; contami-
nation. Figure 4a shows the chronoamperometry curves for
Fe;C/Fe@PCNF-F over 2 h under different applied poten-
tials from —0.1 to —0.5 V vs. reversible hydrogen electrode
(RHE). Based on them, the normalized NH; yield rates and
Faradaic efficiency (FE) values at each given potential were
summarized in Figure4b. In this regard, the Fe;C/
Fe@PCNF-F achieves a maximum NH; yield rate of
29.2 ugh'mg',,. and an ultrahigh FE of 27.8% at —0.2V
vs. RHE, which are higher than those of Fe;C/Fe@PCNF
(19.6 ygh'mg',,,, FE: 11.4% at —0.2V vs. RHE), and
Fe,C/Fe@CNF (10.6 ygh™'mg~'.,, FE: 6.5% at —0.2V vs.
RHE). The excellent NRR performance of the as-prepared
Fe;C/Fe@PCNF-F was comparable with the NHj; yields and
FE values of the electrocatalysts reported previously
(Table S3). The enhanced NRR performance of Fe;C/
Fe@PCNF-F can be attributed to the suppressed HER
process with the existence of aerobic-hydrophobic layer,
resulting in sufficient electrons supplied to reduce nitrogen
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into ammonia molecules (Figure S23&S24). As the potential
shifts negatively beyond —0.2V vs. RHE, both the NH;
yield rate and FE decrease significantly due to the compet-
itive adsorption of hydrogen species on the electrocatalyst
for the HER process. The Watt-Chrisp method (details in
the Supporting Information) was conducted to exclude the
by-product of N,H, without detecting its signal (Fig-
ure S25&S26), demonstrating the excellent selectivity of
Fe;C/Fe@PCNF-F for NH; production. In order to eliminate
any possible contaminants from the environment or electro-
catalyst itself and to confirm the N source in produced NHj,
N isotopic labeling experiments were further conducted
qualitatively and quantitatively (Figure 4c&Figure S27).
When the N, gas is supplied as feeding gas, only two peaks
indexed to "NH," can be observed in the NMR analysis,
demonstrating that the detected ammonia originated from
the supplied °N, completely rather than any NH; contami-
nants. After five consecutive cycles, the high NHj; yield rate
can be maintained without apparent fluctuation to prove the
superior electrocatalytic NRR durability of Fe;C/Fe@PCNF-
F (Figure S28). The electrochemical NOR performance of

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

95U8017 SUOWIWOD BAIE81D) 3 (gedljdde ay) Ag peuencb afe sopiLe VO ‘9sn Jo o 10} ArIqiauljuO 8|1/ UO (SUOTIPLOD-PUe-SWLIS)/L0D A8 | 1M Afelq1jpuluo//sdiy) SUONIPUOD pue sWis 18U 885 *[£202/80/20] U0 Arelqiauliu Ao ‘Uoteasay JewA|od SSE IdIN Ad 22T8TZZ0Z @1Ue/Z00T 0T/I0p/wod A1 Areiqipul|uo//sdny woiy pepeojumod ‘/Z ‘€202 ‘€LLETZST



GDCh
~~

Research Articles

Angewandte

intemationaldition’y) Chemie

a b c
_ 20 Fe,CIFe@PCNF-F .
% g = Fe,CIFe@PCNF  [30 3 NH,
© 04 ~ K o
< 530. E =
£ < P - - 3
2 s = N 20 = &
-y L / SN o .
@ e E9d - = 2
s [ ] 4 % =%
() o ;/' e .3 =, S c
2 K / o 2 N ‘E lioe & 15NH *
<1 = & a c
g 1 —04v- 02V — 03V ® 101 é - =X :ﬂ = ¢
R ——— — © - - =
3 0.4V 0.5V & 4 o Z A A
————————————————— 01— - - : =0 y y y
0 1000 2000 3000 4000 5000 6000 7000 01 02 03 -0 0.5 6.8 6.9 7.0 71

.4
Time (s) Potential (V vs. RHE)

Chemical sh.ift (ppm)

d7 e, f

P —_—18YV 19V 20V - f Fe,C/IFe@PCNF-F _ 61.9891

Ee] —21v —22v S A Fe,CIFe@PCNF |15 "3 “No

< g g o 3

E, 5 Ay R E £

> M K 37 A e

% -~ o 3

S 42 o 24 1 2 E I 2 35 62.9886

o 2] ‘s - % Z 9

E 2 s 2 £ "NO;

] oLl | .7 7 K

=1 g ! o+ & 2 o &

[SHE - S z

0 T T T r r r T 0 y y y T ——0 v + T
0 1000 2000 3000 4000 5000 6000 7000 1.8 1.9 2.0 21 22 62 64 66

Time (s) Potential (V vs. RHE) m/z
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Fe;C/Fe@PCNF and Fe;C/Fe@PCNF-F catalysts was sys-
tematically investigated in the same electrolytic cell. Fig-
ure 4d shows the chronoamperometry curves of Fe;C/
Fe@PCNF-F over 2 h at various applied potentials from 1.8
to 2.4V vs. RHE, where the current density increases
gradually with the increase of applied potential. The
produced nitrate by the NOR process was estimated and
quantified based on the standard methods by using UV
method and high-performance ion chromatography (HPIC)
in Figure S29. In particular, as shown in Figure 4e, the
maximum nitrate yield rate and FE for Fe;C/Fe@PCNF-F
catalyst are achieved at a potential of 2.0 V vs. RHE to be
15.7 uygh'mg~',,. and 3.4 %, respectively, which are much
higher than those of Fe;C/Fe@PCNF (10.6 ugh'mg',,,
FE: 0.9 %), and Fe;C/Fe@CNF (6.9 uygh'mg"',., FE: 0.4 %)
with more comparisons in Table S4. To be noted, the Fe;C/
Fe@PCNF-F catalyst shows an attenuated OER process
owing to the aerobic-hydrophobic Janus structure as con-
firmed by the linear-sweep voltammetry curves in Fig-
ure S30. Furthermore, we conducted time-dependent elec-
trochemical NOR test to verify the continuous yield of
nitrate product. The Fe;C/Fe@PCNF-F shows a low-per-
formance loss in the NO;~ harvest after five consecutive
electrolysis cycles (Figure S31), proving its reasonable
stability for the NOR process. Possible contaminations from
the Fe;C/Fe@PCNF-F catalyst and N, gas can also be ruled
out as no NO;  production was detected in N,- and Ar-
saturated electrolytes after 2 h test at open-circuit conditions
(Figure S32). Furthermore, the N isotope labeling experi-
ments, as revealed by mass spectrometry (MS), were also
performed in 0.1 M Na,SO, electrolyte to trace the origin of
nitrogen species in the NOR process (Figure 4f). The
product solution obtained from the N, saturated electrolyte
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experiment exhibits a strong mass spectroscopy peak at m/z
62.9886 for NO;, compared with that of 61.9891 for
“NO;~ in the "N, saturated electrolyte. The above results
further indicate that the detected NO;™ is derived entirely
from the electrochemical oxidation reaction of N,. Mean-
while, it can be revealed that the partially carbonized iron
heterojunction would be closely related to the enhanced
nitrogen fixation performance (NH; and NO;~ yield rates;
Faradaic efficiency values) when compared to the corre-
sponding properties of Fe@PCNF-F and PCNF-F in Fig-
ure S33. Therefore, we have demonstrated that the pFDe
modification on the porous carbon nanofibers is beneficial
to constructing a robust “quasi-solid-gas” state micro-
domain around the catalyst surface for efficient and selective
nitrogen fixation from both theoretical and experimental
perspectives.

DFT calculations were also performed to investigate the
structure—property relationship between the partially car-
bonized iron heterostructure and the enhanced performance
for nitrogen fixation. The Fe;C/Fe model has been con-
structed in Figure S13, based on the HR-TEM and EXAFS
results. According to its calculated charge density distribu-
tion and corresponding two-dimensional slide (Fig-
ure Sa&b), it is found that an increased charge density area
along the interface between Fe and Fe;C phases is induced.
The electrons of the Fe are prone to flow toward the
adjacent Fe;C phase via the heterogeneous interface, which
results in the charge redistribution around the Fe—Fe;C
interface. This highly activated Fe;C/Fe heterostructure
would facilitate its coupling with N, molecules and accel-
erate the electron transfer to break the strong N=N triple
bonds (Figure 5¢). To further unveil the possible reaction
pathways on the partially carbonized iron heterojunction for
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nitrogen fixations (NRR and NOR), the Gibbs free energy
(AG) profiles for each corresponding reaction intermediate
are derived by DFT calculations. For the NRR process with
an associative mechanism, the adsorbed N, molecules are
initially hydrogenated to break the N=N bond completely,
resulting in the formation of NH; molecules simultaneously.
The association pathway can even be divided into three
types, including alternating pathway, distal pathway, and
mixed pathway, based on different chemical steps in Fig-
ure S34. The conversion of N, to NH; on Fe;C/Fe surface
following the associative distal mechanism is energetically
the most favorable pathway (geometries of the correspond-
ing reaction intermediates are shown in Figure 5d). Regard-
ing the distal pathway, the rate-determining step (RDS) on
Fe;C/Fe model is Step7 (NH,*—*) with a lower energy
barrier of 1.59 eV. In the case of the alternating and mixed
mechanisms on Fe;C/Fe, the RDSs are both of Step5
(HN,H,*—H,N,H,* and HN,H,*—NH*) with a higher
energy barrier of 3.04 and 2.18 eV, respectively (Figure S35).
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To demonstrate the structural advantage of the partially
carbonized iron heterojunctions, we also constructed the Fe
model as a comparison, where the Fe (110) surface is
selected for nitrogen fixation. The high energy barriers of
4.53 and 1.77 eV on the Fe (110) and Fe;C (121) surfaces
indicate their negative role in reducing N, into NH;, and
demonstrate that the partially carbonized iron heterojunc-
tions are beneficial to activating the Fe phase for boosted
NRR performance (Figure S36). For the NOR process, the
calculated relative energy pathways on both Fe;C/Fe and Fe
(110) models by DFT are shown in Figure Se and Figure S37
in Supporting Information. To be specific, the N, molecule
is absorbed on the catalyst surface and oxidized with the
first OH™ to form N,OH* intermediate. The second OH"™
will take H away to generate H,O and N,O* intermediate.
The last N—N bond breakage occurs at Step 6, where N,O,*
evolves into N* intermediate and releases NO,. The as-
formed N* intermediate further continues to associate with
OH™ and evolves to NO*. The NO* intermediate reacts
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with O, and H,O molecules to form NO;  via a non-
electrochemical step (more detail in the Supporting
Information).”” Specifically, for the Fe (110) surface, the
critical step is the formation of NOH* in Step7 (N*—
NOH*) with a high energy barrier of 4.17 ¢V. In contrast,
the reduced energy barrier (1.85 eV) of RDS (Step 2, N,*—
N,OH*) on the Fe;C/Fe surface suggests that Fe;C/Fe
heterostructures can simultaneously achieve enhanced NOR
performance. Therefore, it is rational that the partially
carbonized iron phase in the Fe;C/Fe heterostructure can
activate the original Fe phase, and the optimized electronic
structure achieves good coupling with N, molecules, which is
responsible for promoting bifunctional nitrogen fixation.
These theoretical DFT results were further confirmed
from an experimental perspective (taking the NOR process
as an example), by conducting the differential electro-
chemical mass spectrometry (DEMS) and operando Fourier
transform infrared (FTIR) spectroscopy in a customized
electrochemical cell (Figure 6a). In the DEMS experiment,
the catalyst was loaded on conductive carbon paper and
connected electrically to the electrochemical workstation
through a gold foil. The porous polytetrafluoroethylene
(PTFE) membrane allows intermediates/products with dif-
ferent mass-to-charge ratios (m/z) to permeate and be
detected at the mass spectrometry detector. The m/z signals
of 45, 44, 61, 30, and 46 are detected periodically that
correspond to N,OH, N,0, N,OOH, NO, and NO, species,
respectively (Figure 6b). Note that no signal is observed for
the products of N,O,H, and HNO, species (Figure S38).
This result favorably demonstrates that the NOR tends to
proceed in the “end on” adsorption mode on the Fe;C/
Fe@PCNF-F, which matches well with the reaction mecha-
nism based on the DFT calculations. To further verify the
above mechanism, the time-resolved operando FTIR spectra
of Fe;C/Fe@PCNF-F were collected at 2.0 V vs. RHE for
30 min (Figure 6¢), where the vibration peak at about
1370 cm ™ for nitrate emerged and intensified gradually as

Angew. Chem. Int. Ed. 2023, 62, €202218122 (9 of 11)

the time progressed. The operando FTIR spectra were
collected during positive scans from 1.6 to 2.2V vs. RHE
(Figure 6d), where the vibration peak of nitrate at
~1370 cm™' starts to appear since 1.8V vs. RHE. No
vibration peak of nitrate has been observed when carrying
out the operando FTIR measurement under Ar atmosphere
(Figure 6¢), ruling out the possibility that the NO;™~ signals
in Figure 6d originate from any other contaminants. There-
fore, the reaction intermediates and products from NOR in
Fe;C/Fe@PCNF-F are successfully detected by DEMS and
operando FTIR, which is consistent with the results of our
DFT calculations.

Conclusion

In summary, we report a selective and efficient bifunctional
nitrogen fixation electrocatalyst by constructing an aerobic-
hydrophobic Janus structure. It can be realized by introduc-
ing fluorinated modification on porous carbon nanofibers
embedded with partially carbonized iron heterojunctions
(Fe;C/Fe@PCNF-F). Inspired by the unique structure of
villus on abdomens of Argyroneta aquatica, the unique
Janus structure can restrain water penetration into the
interior of Fe;C/Fe@PCNF-F and endows a concentrated
effect on N, molecules around the catalyst surface, resulting
in the formation of a robust “quasi-solid—gas” state micro-
domain to suppress the competing reactions and overcome
the mass-transfer limitations. Consequently, the Fe;C/
Fe@PCNF-F exhibits excellent electrocatalytic performance
for nitrogen fixation (NHj yield rate up to 29.2 uygh'mg ™',
and Faraday efficiency (FE) up to 27.8% in NRR; NO;~
yield rate up to 15.7 uygh™'mg~',,, and FE up to 3.4% in
NOR). Density functional theory calculations elucidate the
catalytic reaction mechanism on the Fe;C/Fe heterostructure
and reduce the energy barrier, which can also be verified
from a variety of in situ characterizations to validate the
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nitrogen fixation reaction pathway by the successful exper-
imental detection of reaction intermediates. The aerobic-
hydrophobic Janus structure provides new insight into
designing efficient and selective electrocatalysts for nitrogen
fixation.
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