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Defect-enriched iron fluoride-oxide nanoporous
thin films bifunctional catalyst for water splitting
Xiujun Fan 1,2, Yuanyue Liu 3, Shuai Chen 4, Jianjian Shi 3, Juanjuan Wang 5, Ailing Fan 6, Wenyan Zan 7,

Sidian Li 7, William A. Goddard III8 & Xian-Ming Zhang 1,2

Developing cost-effective electrocatalysts operated in the same electrolyte for water splitting,

including oxygen and hydrogen evolution reactions, is important for clean energy technology

and devices. Defects in electrocatalysts strongly influence their chemical properties and

electronic structures, and can dramatically improve electrocatalytic performance. However,

the development of defect-activated electrocatalyst with an efficient and stable water

electrolysis activity in alkaline medium remains a challenge, and the understanding of

catalytic origin is still limited. Here, we highlight defect-enriched bifunctional eletrocatalyst,

namely, three-dimensional iron fluoride-oxide nanoporous films, fabricated by anodization/

fluorination process. The heterogeneous films with high electrical conductivity possess

embedded disorder phases in crystalline lattices, and contain numerous scattered defects,

including interphase boundaries, stacking faults, oxygen vacancies, and dislocations on the

surfaces/interface. The heterocatalysts efficiently catalyze water splitting in basic electrolyte

with remarkable stability. Experimental studies and first-principle calculations suggest that

the surface/edge defects contribute significantly to their high performance.
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Splitting water via electricity provides an attractive method
to efficiently produce renewable energy. This process can be
divided into the anodic oxygen evolution reaction (OER)

and the cathodic hydrogen evolution reaction (HER) processes1.
Notably, in energy production device applications, water
electrolyzers typically employ catalysts, consisting of precious
metals and their oxides (Pt, RuO2, IrO2) as catalysts to faciliate
these half-reactions2. The scarcity nature of these catalysts con-
siderably impede their large-scale commercial utilization. There-
fore, developing new electrocatalysts with both good activity and
low cost is highly imperative. Recently, substantial efforts have
been made to explore highly active non-noble metal catalysts such
as transition metal sulfides3/phosphides4/nitrides5/carbides6/
selenides7/borides8 for HER in acidic electrolytes, and transition
metal oxides9/hydroxides10/nitrides11 for OER in basic electro-
lytes. Nevertheless, owing to the sluggish four-proton-coupled
electron transfer and rigid oxygen–oxygen bonding, the
integration of overall water splitting is still constrained by the
bottleneck OER process. Furthermore, for practical applications, a
water splitting electrolyzer with dual ability require operation in
the same electrolyte, especially in strongly alkaline medium.
Hence, developing inexpensive HER and OER bifunctional
catalysts with efficient activity toward water electrolysis becomes
important yet challenging.

Iron compounds, particularly oxide (Fe2O3) and fluoride
(FeF2) have received attention for decades owing to their
abundance, stability, and environmental compatibility, resulting
high potential in supercapacitors12, sodium-ion batteries13,
lithium batteries14,15, photocatalysts16, and electrocatalysts17.
Unfortunately, the electroconductibility of iron oxide and fluoride
is poor, which greatly limits their wide-spread application; iron
oxide is an indirect band gap semiconductor18, while iron fluoride
has low conductivity due to the higher ionicity of Fe–F bonds19.
Unlike iron oxide and fluoride, iron fluoride-oxide phases have
high electroconductivity as the coexistence of Fe–O and Fe–F
bonds14,20. Meanwhile, the overall conductivity in nanomaterials
especially nanoparticles is significantly limited on account of the
undesirable intergranular electron transport, which slows the
total electrocatalytic activity21. Additionally, both experimental
and computational studies concluded that defects play a crucial
role in electrocatalytic catalysis22, and thus increase of defect
content favors the electrocatalytic activity23. Three-dimensional
(3D) ultrathin nanoporous films have remarkable electroactive
surface/active sites, and can decrease the ionic diffusion length
and increase the contact area with electrolyte24. Hence, 3D iron
fluoride-oxide nanoporous film (IFONF) with both abundant
defect sites and high electroconductivity would be a promising
bifunctional water splitting catalyst. However, owing to
the demanding conditions required for synthesis (highly
toxic materials20, expensive precursors25, and complicated
processes26), IFONF-based electrocatalyst with high activity and
durability is still rare.

Herein, a facile low temperature synthesis is developed to
fabricate defect-enriched IFONFs, namely, partial conversion of
the nanoporous Fe-oxide into iron fluoride-oxide through reac-
tion with fluorine vapor (from ammonium fluoride, NH4F). In
IFONFs, modulations of defect states including interphase
boundary, phase junction architecture, and so on, are accom-
plished by controlling the extent of iron oxide to fluoride-oxide
phase transformation. The resulting IFONFs with high electrical
conductivity possess abundant defect states on surfaces/interface,
which expose additional reaction sites and lower the adsorption
energy of the reactant and product. IFONFs demonstrate a superb
HER and OER activity in basic electrolyte with impressive
stability. This work represents the first synthesis of FeF2–F2O3

heterocatalysts via an easy low temperature anodization/

fluorination strategy, which opens up a low cost and scalable
route to fabricate transition metal fluorides-based materials for
application in advanced fields.

Results
Synthesis and characterizations of IFONFs. A typical
fabrication procedure is illustrated in Fig. 1a along with scanning
electron microscope (SEM) images (Fig. 1b–e). Firstly, anodic
treatment of Fe foil was performed potentiostatically to achieve
Fe-oxide porous thin film (PTF) with pore sizes around 40 nm in
average (Fig. 1b, Supplementary Fig. 1). Then, in a chemical
vapor deposition (CVD) apparatus, the anodized thin film was
reacted with hydrogen fluoride vapor (from NH4F) at 300–400 °
C. Further details of the experiments are provided Supplementary
Notes 1 and 2. The fabrication process is time-saving and non-
toxic, with iron-based nanoporous film directly grown on Fe thin
foil (Supplementary Fig. 2) that has excellent flexibility and low
cost. The resulting films, namely, IFONFs-x, where x denotes the
fluorinated time (Tfluorinated) in unit minute. With Tfluorinated of
15 min, the CVD fluorinated PTF exhibits nanopores structure
(Supplementary Fig. 3a). The layers are gradually crystallized to
more ordered (IFONFs-30, Supplementary Fig. 3b) and converted
into a uniform nanoporous film with open pores (IFONFs-45,
Fig. 1c). IFONFs-45 inherits the nanoporous nature and 3D
morphology from the as-anodized Fe-oxide PTF without
damaging the ordered porosity, revealing an open and porous
framework (Fig. 1d). Further extending Tfluorinated to 90 min does
not cause continuous growth of iron fluoride-oxide nanocrystals
(NCs), and the obtained films still maintain the self-organized
high-porosity nature with grainy porous wall (Supplementary
Fig. 3c). The cross-sectional SEM image (Fig. 1e and
Supplementary Fig. 4) displays a nanochannel structure
throughout the layer, where the internal surface of nanoporous
film was exposed to the electrolyte. The IFONFs with thick of
~2.5 μm (Fig. 1e, mass loading ~0.2 mg cm−2) were then directly
utilized in water electrolysis.

X-ray diffraction (XRD, Fig. 1f) and X-ray photoelectron
spectroscopy (XPS, Fig. 1g–i, Supplementary Figs. 5 and 6 and
Supplementary Discussion 1) were used to identify the chemical
conversions from Fe-oxide to iron fluoride-oxide. The surface
atomic concentrations obtained with XPS (Supplementary Fig. 5)
and the elemental compositions determined by inductively
coupled plasma mass spectrometry (ICP-MS) are concluded in
Supplementary Table 1. For Fe 2p XPS (Fig. 1g), iron atoms
possess three mixed valence states including Fe3+, Fe2+, and F0 in
both Fe-oxide and IFONFs-45. After deconvolution, the fitted
peaks around 710.7 and 723.9 eV are designated as Fe3+ 2p3/2 and
Fe3+ 2p1/2 of Fe2O3, respectively; those around lower binding
energies (713.2 and 716.5.3 eV) and higher binding energies
(726.6 and 729.9 eV) correspond to Fe2+ 2p3/2 and Fe2+ 2p1/2
states of FeF2, respectively13, clearly indicating the heterostruc-
ture is a mixture of FeF2 and Fe2O3. A similar result is also seen in
O 1s XPS spectra of IFONFs-45. As revealed in Fig. 1h, the broad
fitted peak located at around 529.9 eV corresponds to Fe–O,
which is a typical peak for Fe2O3 that has been exposed to
fluoride27, while weak peak at ∼532.1 eV is assigned to C=O
groups28. The F 1s peak with binding energy of 684.4 eV is
attributed to Fe–F, reflecting a similar fluorination state of F in
iron fluoride-oxide to that of FeF213 (Fig. 1i). Therefore, the
above results confirm the successful transformation of Fe-oxide
into iron fluoride-oxide. Additionally, Fe2O3 PTF was prepared
according to our previous study29 for comparison (XPS and XRD
data are given in Supplementary Fig. 7), and also successfully
converted into FeF2 PTF with fluorination (Supplementary Fig. 8).
IFONFs are also prepared at a fixed Tfluorinated (45 min) with
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Fig. 1 IFONFs fabricated from commercial Fe foil with anodization/fluorination process. a Schematic of the fabrication process for IFONFs, starting with a
Fe foil. SEM top-view images of b Fe-oxide PTF and c IFONFs-45. Scale bar, 100 nm. d High-magnification SEM image of IFONFs-45. Scale bar, 100 nm. e
SEM cross-sectional image of IFONFs-45. Scale bar, 500 nm. f XRD spectrum of Fe-oxide PTF and IFONFs synthesized with various Tfluorinated. For Fe-oxide
PTF, the diffraction peaks at 2θ= 11.9°, 16.9°, 26.9°, 35.3°, 39.4°, 46.6°, 53.1°, and 56.2° suggests the formation of FeO(OH) (PDF#75–1594) with
anodization. The Fe-oxide PTF anodically grown on Fe substrates consists of FeO(OH) and Fe, while the Fe peaks are from Fe foil. With short Tfluorinated of
15 min, the diffraction peaks of both Fe2O3 and FeF2 are sharp and intense, and Fe2O3 is obtained by annealing FeO(OH) in an argon atmosphere during
fluorination47. With Tfluorinated of 45min, the primary diffraction peaks associated with Fe2O3 are declined while both peaks for FeF2 (110) and (101) are
distinguished, indicating a Tfluorinated-dependent phase transformation for iron fluoride-oxide in fluorination condition. Fe2O3 and FeF2 could coexist with
fluorination, and FeF2 phase has a tetragonal structure with a P42/mnm space group (PDF#81–2271). High-resolution XPS in g Fe 2p, h O 1s, and i F 2p
regions for Fe-oxide PTF and IFONFs-45, respectively. For IFONFs-45 in g, two core-level signals of Fe 2p located at ∼710.9 and 724.2 eV are attributed to
Fe 2p3/2 and Fe 2p1/2, which are negatively shift ~0.6 and ~0.8 eV relative to those in the raw Fe oxide, respectively, owing to the bond formation of Fe and F
elements. The satellite peaks at ∼719.9 and 733.3 eV are attributed to Fe0, suggesting the presence of elemental Fe on the surface. Moreover, the O 1s peak
of IFONFs-45 in h is shifted to lower binding energy with respect to the Fe-oxide PTF, which attributes to the formation of FeF2 phase
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different temperature. As revealed in Supplementary Figs. 9 and
10, the fluorination temperature has an influence on the
morphology and pore size of nanoporous film. XPS illustrates
clear signals for F 1s, Fe 2p, and O 1s in IFONFs fluorinated at
300–400 oC (Supplementary Fig. 11), indicating the temperature
has no significant effect on the crystalline type. These
characterizations confirm that a fluoride-oxide nanostructure is
obtained via fluorination reaction in the quartz socket tube with
NH4F.

Further analysis on the morphology of IFONFs was then
carried out adopting transmission electron microscopy (TEM).
As presented in Fig. 2a and Supplementary Fig. 12, intercon-
nected network of IFONFs-45 with ordered nanopores are
maintained with fluorination process. High-resolution TEM
(HRTEM) analyses reveal that all nanopores consist of openings
around 40 nm with thin amorphous region on the inner wall
(Fig. 2b and Supplementary Fig. 13a). Figure 2c represents the
zoom-in imaging of a rectangular region in Fig. 2b (marked with

yellow-dotted line), which indicates that the nanopores possess a
smooth space morphology with amorphous rims containing a
small amount initiation remnant or other etching artifacts30. The
amorphous nanodomain (marked by white-dashed line, Fig. 2c,
and Supplementary Fig. 13b) is the residuum of as-formed
Fe-oxide nanoporous films. From the cross-section TEM imaging
of Fig. 2d, the aligned nanopores have tubular structures with 40
nm in diameter, and are oriented perpendicular to substrate
surface, coinciding with SEM observation (Fig. 1e). The element
contents and distribution in the matrixes were identified based on
both energy-dispersive X-ray spectroscopy (EDS, Supplementary
Fig. 14) and elemental mapping (Supplementary Fig. 15). The
average atomic ratio of F/O is ∼0.3 calculated from the EDS
spectrum, giving a ∼30% substitution of O sites. Scanning TEM
(STEM) image reveals that IFONFs-45 possesses a highly porous
texture and interconnected structure throughout the whole
heterostructure, while EDS mapping images verify a homoge-
neous distribution of Fe, F, O, and C elements (Fig. 2e).

Structure evolutions and defect states occur when cubic iron
oxide meets tetragonal iron fluoride, and Tfluorinated evidently
impacts the extent of iron oxide to fluoride phase transformation,
which in turn determines the defect states. Atomic-resolved TEM
and fast Fourier transform (FFT) images were used to visualize
defect states in IFONFs. With short Tfluorinated (i.e., 15 min), FeF2
(separated by white-dotted lines) and Fe2O3 nanodomains
(separated by yellow-dotted lines) are located in randomly
orientation, demonstrating the deficiency of defects (Fig. 3a and
Supplementary Fig. 16). With fluorination processing for 30 min,
the FeF2 and Fe2O3 nanodomains have several sub-nanostruc-
tures, are separated distributed on supports with less defect
(Fig. 3b and Supplementary Fig. 17). Further extending Tfluorinated
to 45 min, the morphology and defect states of IFONFs begin to
change. The IFONFs-45 heterogeneous matrixes exhibit a
relatively smooth surface and contain well-bonded phase
junctions (Fig. 3c), indicating strong coupling interactions and
interface reconstruction inbetween Fe2O3 and the grafted FeF2
nanodomains. The edges of nanodomains and a perfect match
between FeF2 and Fe2O3 phases are easily visible (Fig. 3d). The
neighboring nanodomains merge together at the boundaries free
of visible gaps, indicating the strong connections between FeF2
and Fe2O3, ensuring stable electrical and mechanical contact
(Fig. 3e and inset). To further inspect the planar defects generated
on the heterogeneous matrixes, aberration-corrected STEM
images were conducted (Fig. 3f, g and Supplementary Fig. 18).
Besides dense nanograin boundaries, several lattice scale
alterations are also induced in the heterostructure. As illustrated
in Fig. 3g, the Fe2O3 nanodomain exhibits an extended and
disordered defect structure with interlayer spacing of 0.248 nm.
This is slightly larger than the d spacing of (400) planes of cubic
Fe2O3 (marked as i). Whereas, FeF2 displays continuous lattice
fringes with spacing of 0.325 nm ((110) atomic plane, marked as
j); this spacing is smaller than the interlayer spacing of 0.332 nm
in bulk FeF2. Such significant lattice distortions on basal surface
confirm the presence of numerous dangling bonds around the Fe
centers, which increase the intrinsic catalytic activity of active
sites31. In the FFT images, the obtained splitting in diffraction
spots marked by arrows further verifies the existence of
imperfections in IFONFs-45 along some crystallographic orienta-
tions (Fig. 3i, j). The atomic-scale features in FeF2 nanodomains
are the planar defects in the form of stacking faults (SFs), which
nucleated on different (101) planes to form SF cross-structures
(marked as h in Fig. 3g, and Fig. 3h), revealing (101) planes have
the lowest energies for SFs formation during CVD fluorination32.
The FeF2 nanodomains display some tetragonal lattice area
(Fig. 3h), while the Fe2O3 nanodomains reveal trigonal lattice area
(octahedral coordination) with the common honeycomb lattice of
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N
anoporous

N
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O–K

Fe–K
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e

Fig. 2 Microscopic morphology and chemical composition of IFONFs-45. a
TEM top-view images of IFONFs-45. Scale bar, 200 nm. b, c HRTEM
images of IFONFs-45. Besides amorphous nanodomains, the lattice fringes
with spacing of ~0.325 and 0.248 nm ascribed to FeF2 (110) and Fe2O3

(400), respectively, are clearly visible, indicating crystallinity of iron
fluoride-oxide nanostructure. The nanopores, together with fine nanograins
of iron fluoride-oxide and thin amorphously shells are uniformly distributed
in the porous network, ensuring IFONFs-45 has more accessible sites for
electrochemical reactions. Scale bar, 10 and 5 nm, respectively. d TEM
cross-sectional image of IFONFs-45. Scale bar, 100 nm. e STEM elemental
mapping of IFONFs-45. Scale bar, 500 nm
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the trigonal prismatic coordination in the cubic phase (Fig. 3k).
Interestingly, IFONFs-45 displays oxygen vacancies (VO)-type
point defects (Fe2O3 nanodomain, marked as k in Fig. 3g, and
Fig. 3k). The presence of VO can decrease the adsorption energy
of intermediates (e.g., OH*, O*, and OOH*) at active sites and
facilitate the adsorption of these intermediates33. To validate the
above assumption, we have performed additional calculations for
OH adsorption on perfect and defective Fe2O3 (with oxygen
vacancy), as shown in the Supplementary Fig. 19. In addition, F
insertion causes short cracks together with lattice distortions at
the edge of continuous basal plane (labeled by yellow arrows,
Fig. 3l). The cracks on surface dramatically boost surface area,
which would offer more coordinatively unsaturated sites for
catalytic reactions (Supplementary Fig. 20); while the lattice

rotations and discontinued crystal fringes are also locally
observed in the nanoporous films (Supplementary Fig. 21),
highlighting the existence of numerous defects. Despite multiple
defects, the iron fluoride-oxide hybrids similarly possess a
tetragonal FeF2 phase. Figure 3m represents FeF2–F2O3 nanodo-
mains separated by an amorphous grain boundary and defect
region (marked by a set of yellow-dotted lines). The enhanced
surface/edge defect state is believed to increase the exposure of
active basal-plane/edge sites, which is beneficial to
electrocatalysis.

The defect states of IFONFs can be tailored by Tfluorinated.
HRTEM images of IFONFs samples with Tfluorinated for 60 and 90
min are presented in Supplementary Figs. 22 and 23, suggesting
the declined defects. Further fluorination does not significantly
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FeF2 (101) surface, and thus the FeF2–F2O3 heterostructure can be constructed. Accordingly, the O atoms in the Fe2O3 matrix could bond with Fe atoms in
the FeF2 matrix, leaving the about four O atoms unsaturated per Fe2O3 unit cell, namely, the bonding number of O atoms in bulk Fe2O3 subtracts the
bonding number of O atoms in Fe2O3 (400) and FeF2 (101) surfaces, because of the relatively less ratio of Fe atoms to other atoms in FeF2 than Fe2O3.
Turquoise= F, purple= Fe, magenta=O. Scale bar, 1 nm in a–g and l–m, 0.3 nm in h, k
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increase the sizes of the interconnected FeF2–F2O3 nanodomains,
which is in accordance with SEM images (Supplementary Fig. 3c).
But, more F ions incorporated into iron oxide nanodomains
minimize the concentration of iron fluoride-oxide heterostruc-
ture, giving a reduced defect amount. Therefore, the extraneous F
ions incorporating into Fe2O3 nanodomains gives rise to atomic
defects, which can be modulated by controlling the extent of iron
oxide to fluoride phase transformation. The Tfluorinated is essential
for the phase transformation of IFONFs, which is in accordance
with the XPS results (Supplementary Fig. 5). Taken together, the
local structural information on FeF2–F2O3 heterostructure can be
illustrated as Fig. 3n, Supplementary Fig. 24, and Supplementary
Discussion 1. As displayed in local structure, a 3 × 3 (400) surface
of F2O3 is used to match a 5 × 6 (101) surface of FeF2, and the
lattice mismatch of the F2O3 and FeF2 relative to F2O3 is around
1.9%, indicating the structure is stable, which is also in
accordance with HRTEM results in Fig. 3c, f where (400) planes
of Fe2O3 are parallel to (101) planes of FeF2.

Electrocatalytic HER and OER performances. To assess the
HER electrocatalytic activity, the as-prepared IFONFs catalyst
were directly used as working electrodes and evaluated in
H2-saturated 1M KOH electrolyte (see Supplementary Notes 3
and 4 for experimental details, Supplementary Fig. 25).
Commercial Pt and the raw Fe-oxide were also measured for
comparison. The appealing HER activities of IFONFs are eval-
uated by the linear sweep voltammetry (LSV) curves and
corresponding Tafel plots. As illustrated in Fig. 4a, the IFONFs
catalysts possess much lower onset potentials (η) than that of raw
Fe-oxide PTF; among all IFONFs-45 affords the lowest value of
20 mV, indicating that the IFONFs-45 decreases the reaction
kinetic barrier for HER. IFONFs-45 yields an extremely large
cathodic current density of 101.4 mA cm−2 at η= 200 mV, which
is 181 times larger than that of Fe-oxide PTF and much larger
than that of other four fluorinated materials (2.3−84.9 mA cm
−2). The exchange current density (j0) of 0.0950 mA cm−2 for
IFONFs-45 outperforms the values of 0.0470 mA cm−2 for
IFONFs-30 and 0.0322 mA cm−2 for IFONFs-60, again suggest-
ing the excellent HER inherent activity of IFONFs-45. The cor-
responding Tafel plots indicate that IFONFs-45 possesses smaller
Tafel slopes (31 mV dec−1) than that of less defect catalyst (68
mV dec−1 for IFONFs-30, and 55 mV dec−1 for IFONFs-60), and
verifies efficient kinetics of H2 evolution (Fig. 4b). In short, the
optimal Tfluorinated in terms of the HER activity is determined to
be 45 min. Bare Fe2O3 and FeF2 PTF present poor HER activity in
terms of the largest Tafel slopes (154 and 235 mV dec−1,
respectively) (Supplementary Fig. 26 and Supplementary Table 2),
highlighting the cooperative interactions between Fe2O3 and FeF2
in IFONFs-45 electrocatalyst. These experiments conclude that
the HER activity of IFONFs can be modulated by their defect
states. The HER activities of IFONFs prepared with various
fluorinated temperature in control experiments were also mea-
sured (Supplementary Fig. 27). Compared with Fe-oxide, Fe2O3,
FeF2, and Fe-based electrocatalysts reported recently, the defec-
tive IFONFs-45 delivers lower Tafel slopes and larger kinetic
current densities (Supplementary Tables 2 and 3). This suggests
that similar to the MoS222, introduction of defects to create active
sites in basal plane is an effective way to improve the catalyst
activity. Based on the electrochemical double-layer capacitance
(Cdl) measurements via cyclic voltammetry at different scan rates
(Fig. 4c and inset), the electrochemically active surface area can be
determined as well. The Cdl of IFONFs-45 is 63.40 mF cm–2,
which is much larger than that of IFONFs with other Tfluorinated
(Supplementary Fig. 28), whereas bare Fe2O3 and FeF2 PTF have
low Cdl of 16.28 and 13.38 mF cm−2, respectively (Supplementary

Fig. 29). As a result, the IFONFs-45 yields an active surface area
of 18.5, 3.9, and 4.7 times larger than that of raw Fe-oxide, Fe2O3,
and FeF2 electrodes, respectively, suggesting the fluorination
process can improve the active electrocatalytic area and make
more active sites exposed. Indeed, the roughness factor (RF)
dramatically increases from 328.3 (IFONFs-15) to 1585.0
(IFONFs-45) with fluorination process (for calculation details, see
Supplementary Note 4). The increased surface area and atomic
defects are considered to contribute to the improvement in HER
performance. Based on an electrochemical method, the number of
active sites was quantified (Supplementary Fig. 30). IFONFs−45
gives the number of active sites of 1.09 × 10−6 mol, much larger
than that of IFONFs−30 (1.94 × 10−7 mol) and IFONFs−60
(2.26 × 10−7 mol). The activity of IFONFs was further evaluated
in terms of the apparent turnover frequencies (TOFs), assuming
that all Fe ions in the nanoporous films act as active sites
(Supplementary Note 5). IFONFs-45 affords the highest TOF
value of 0.27700 H2 s−1 at η= 100 mV, revealing that IFONFs-45
delivers higher activity than other iron fluoride-oxide catalysts34.
In addition, to further insight into HER kinetics, the
electrochemical impedance spectroscopic analysis was employed
at η of 5 mV (Fig. 4d and inset). A low charge-transfer resistance
(Rct) of 7.4 Ω is observed for IFONFs-45, suggesting a facile HER
kinetics at the electrode–electrolyte interface (Supplementary
Discussion 1).

Given the high HER activity of defect-riched IFONFs, we
further analyzed their stability and durability to continuously
catalyze the generation of H2. As presented in Fig. 4e, IFONFs-45
retains stable current density over 30,000 s of continuous
operation at different potentials with negligible changes, even
though a high potential of −172 mV is adopted. In contrast, the
current density of Pt/C decreases from 82 to 74.1 mA cm−2 for
30,000 s of continuous operation (Supplementary Fig. 31). This
confirms the higher stability of IFONFs-45 than that of Pt/C. The
LSV curves of IFONFs-45 in 1M KOH before and after 1000 and
3000 cycles deliver small cathodic shifts of ~9 and ~10mV to
reach −10 mA cm−2, respectively, proving a great durability
(Fig. 4f). Excellent structural integrity of IFONFs-45 is confirmed
by HRTEM images taken after the durability test (Supplementary
Fig. 32), which further confirms the robustness of the hybrid
catalyst.

OER kinetics of IFONFs was also carefully investigated. For
comparison, the OER performance of commercial RuO2

deposited on carbon paper was also tested. As displayed in
Fig. 4g, with Tfluorinated increase from 15 to 45 min, onset potential
gradually decrease from 1.44 to 1.39 V vs RHE, implying an initial
enhanced OER activity with increase of iron fluoride phase.
However, when Tfluorinated is extended to 90 min, the onset
potential increases to 1.42 V vs RHE instead, indicating the
further increase of iron fluoride phase downgrades the OER
activity. In addition, IFONFs-45 gives higher specific current
density than that of Fe-oxide PTF and IFONFs with other
Tfluorinated, and emerges a small onset potential, which confirms
that defect-riched IFONFs-45 owns a superior intrinsic catalytic
activity toward OER. IFONFs-45 affords a much lower η10 (the η
required at the current density of 10 mA cm−2, 1.49 V vs RHE)
than that of the counterparts with other Tfluorinated, such as 15 min
with 1.61 V, 30 min with 1.52 V, and 60 min with 1.51 V (Fig. 4h,
left). Different Tafel slopes are identified from IFONFs-45 (45
mV dec−1), Fe-oxide PTF (207 mV dec−1), and RuO2 (125 mV
dec−1), which imply different rate-determining steps for a given
pathway (Fig. 4h right). The decrease in Tafel slope from 86 to 45
mV dec−1 for the IFONFs fluorinated from 15 to 45 min may be
caused by a change in the rate-determining step from a three
electron transfer to a two electron transfer35. In comparison to
the less defect counterparts, IFONFs-45 exhibits smaller Tafel
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slope and lower overpotential, which could be credited to the
increased active sites and reduced charge-transfer resistance
(Supplementary Fig. 33 and Supplementary Table 2), further
confirming the feasibility of electrochemically catalyzing OER at

defect-rich electrodes. Additionally, the individual Fe2O3 and
FeF2 PTF exhibit lower OER activity than IFONFs (Supplemen-
tary Fig. 34), implying that synergistic effects of Fe2O3 and FeF2
could be crucial in enhancing OER activity by influencing the
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iron fluoride-oxide hybrid catalyst. The comparison of electro-
chemical performance implies that the OER activity in IFONFs-
45 hybrid primarily originates from the defect states of iron

fluoride-oxide NCs. The defect enrichment of IFONFs is
modulated by Tfluorinated, which in turn significantly alters the
OER activities (Supplementary Discussion 2). Control
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experiments (Supplementary Fig. 35) displays that IFONFs
fluorinated with 45 min at 300 and 400 oC have low activity with
Tafel slopes of 66 and 119 mV dec−1, respectively, which is in
connection to their morphology (Supplementary Fig. 9). Hence,
the reduced Tafel slope indicates better catalytic behavior with
superior type of the active sites in IFONFs-45. Concerning the
low onset potential, lowered η10, and small Tafel slope, it is found
that the catalytic activity of IFONFs-45 surpasses the state-of-the-
art OER catalysts (for detailed comparison, see Supplementary
Table 4).

To further unravel the intrinsic activities, the number of active
sites and TOF for OER were calculated on basis of the current
integration of iron fluoride-oxide features on LSV curves, which
should be directly related to the actual amount of catalytic sites in
each catalyst (Fig. 4i, Supplementary Notes 6 and 7, and
Supplementary Fig. 36). TOF values at η= 1.6 V initially increase
upon the increase of Tfluorinated, and IFONFs-45 yields the highest
TOF value of 0.2141 s−1, which is about 5.5 times higher than that
for the less defect IFONFs-15 (0.039 s−1) (Fig. 4i and inset). The
Nyquist plots (Supplementary Fig. 37) illustrate that IFONFs-45 has
the smallest Rct of only 8.3 Ω, highlighting the ultrafast faradaic
possess, which leads to a superior OER kinetics. The small Rct of
IFONFs-45 is attributed to the synergetic effect of both rich active
sites and high conductivity of nanoporous heterostructure with
multiple defects. Also, the stability test was performed on IFONFs-45
and RuO2 under static overpotential (Fig. 4j). The current density of
IFONFs-45 exhibits negligible change after 100,000 s of testing, while
RuO2 remains 34.6mA cm−2 (86.5%) after 100,000 s durability test,
indicating the excellent stability of IFONFs-45 for OER. Further
investigation on the chemical composition (XPS, Supplementary
Fig. 38) of IFONFs-45 after 100,000 s cycling tests further confirms
the robust and stable nature toward OER. The excellent stability of
IFONFs-45 should be attributed to the electrochemical stable and
higher energy density of iron fluoride-oxide phase14,20. In particular,
the IFONFs-45 shows similar high activities toward HER and OER
with robust Fe2O3-FeF2 nanodomains before and after stored in
ambient atmosphere for >1 year, confirming great stability of defect-
riched IFONFs-45 catalyst against ambient condition corrosion
(Supplementary Fig. 39).

To investigate the water splitting performance of IFONFs-45 as
bifunctional catalysts, we assembled a two-electrode system
(uncompensated iR drop) using IFONFs-45 as both the anode
and cathode to evaluate the overall water splitting performance in
alkaline electrolyte (Supplementary Fig. 40a). With an over-
potential of 1.58 V to afford 10 mA cm−2, the IFONFs-45 reveals
excellent full water splitting performance, which is superior to the
benchmark of Ir/C−Pt/C couple (1.62 V). Meanwhile, the
IFONFs-45 electrode could withstand continuous electrolysis
over 30,000 s with less degradation than the electrolyzer contain-
ing a Ir/C−Pt/C couple at 10 mA cm−2 (Supplementary Fig. 40b).
Using an H-type cell, with an alkaline membrane for separating
the anode and cathode to avoid gas mixing (Supplementary
Fig. 41a), the amount of measured H2/O2 matches well with the
calculated results, indicating the Faradic efficiencies are 100% for
HER and OER with the ratio of H2/O2 being close to 2:1
(Supplementary Fig. 41b). Such superior electrocatalytic activity
of IFONFs-45 electrode outperforms other recently reported
transition metal sulfide, phosphide, nitride, carbide, selenide, and
boride electrocatalysts (Supplementary Table 5).

Discussion
We now return to extract exact bonding information of iron
fluoride-oxide heterogeneous matrixes. Based on high-angle
annular dark-field (HAADF) and bright-field (BF)-STEM ima-
ges, the intimate contact of FeF2 and Fe2O3 phases is verified, in

which abundant interfaces can be clearly identified. As HAADF-
STEM image is sensitive only to heavy atoms, only Fe atoms can
be detected; all Fe atoms (white dots) in FeF2 nanodomains are
aligned arranged and form a tetragonal structure (Fig. 5a). The
brighter spots in Fig. 5b represent either normal Fe–F or O–Fe–F
columns, as BF-STEM imaging contrast is brighter for heavier
atoms in atomic columns36. The Fe atoms (purple dots) sit at
center of four F atoms (turquoise dots) (left part of enlarged
dashed-box region in Fig. 5b), while the Fe atoms (purple dots)
locate at center surrounded by four F–O dual atoms (turquoise
and magenta dots, respectively), forming O–Fe–F bonds at
interface (right part of enlarged dashed-box region in Fig. 5b).
This suggests that Fe–F and O–Fe–F bonds are formed within
individual atomic columns at interfaces, and FeF2 chemically
interacts with Fe2O3 by forming a Fe–F bond. Moreover, small
Fe2O3 grains with O–Fe–F bonds are darker than the adjacent
FeF2 nanodomains in HAADF-STEM image37, acting as inter-
mediate phases, are visible overlaying iron fluoride-oxide het-
erogeneous nanostructure (indicated by the blue-dashed ellipses,
Fig. 5a, b). The FeF2 nanodomains are continuously grown on
Fe2O3 with O–Fe–F bonds in transition regions, forming seamless
interfaces. Interestingly, the location of individual F adatoms is
collocated on neither Fe nor O sites within the FeF2 lattice. F
adatoms arising from fluorination process display mobility
around the dislocation cores and edges in FeF2 nanodomains;
these dynamics could lead to dislocation glide and grain
boundary migration38. Clearly, the interface involved anions
disordering, is atomically abrupt and coherent with transition
regions, confirming a clean and direct bonding of FeF2 to
Fe2O3 at atomic scale. Therefore, the Fe2O3 nanodomain itself
has decent HER activity, can chemically couple with FeF2 to
accelerate the HER activity, while also serve as an effective sup-
port to mediate the growth of FeF2, forming IFONFs
heterocatalysts.

The IFONFs afford a high catalytic performance for both HER
and OER. The OER activity can be attributed to Fe2O3, which is
known as a good catalyst for OER39. However, the HER activity
for both Fe2O3 and FeF2 has not been reported, which raises the
question what is the origin of HER activity in IFONFs. To
understand it, we carried out spin-polarized density functional
theory calculations with the LDA+U approach using Vienna Ab
initio Simulation Package (VASP)40 (for computational details,
see Supplementary Note 8). We choose to focus on FeF2, which
has a rutile structure, i.e., the Fe cations are surrounded by
octahedron of 6 O anions, and the O anions have a trigonal
planar coordination with of 3 Fe cations. We consider the (110)
surface (Fig. 5c) of FeF2 crystal, which is shown by our experi-
ments as the most common surface of FeF2, in agreement with
the literature41. To evaluate the HER activity, we get the value of
H-adsorption (ΔGH) free energy on different sites through ΔGH

= Ead+ ΔGvib+ TS, where Ead is the adsorption energy of H,
referenced to the 1/2 of energy of the H2 molecule, ΔGvib is the
difference of vibration free energy between the adsorbed H and
H2 molecule, S is the translation and rotation entropy of H2

molecule, and T is the room temperature. The ΔGH are illustrated
in Fig. 5e, and the atomic coordinates are provided in Supple-
mentary Note 8. The site with ΔGH closer to zero tends to have a
higher catalytic activity42. We find that, for the perfect (stoi-
chiometric) surface, H prefers adsorption on the Fe site, however,
its ΔGH is too high (>2 eV/H), thus the perfect surface is unlikely
to be active. Defects have been shown to be active sites for other
materials43–46, hence we also consider a variety of defects,
including vacancies, adatoms, substitutions (F by O), and defect
complex. The most promising site appears to be the Fe–O dimer
adsorbate (Fig. 5d), which binds H through the O and provides a
ΔGH ~−0.15 eV. This also suggests the presence of O is beneficial
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for the HER, partially explaining why FeF2–Fe2O3 hybrid has a
high HER activity.

In summary, defect-enriched IFONFs are fabricated through
fluorination with anodized Fe-oxide PTF. The IFONFs possessing
higher electrochemical surface area can directly work as electro-
des for water splitting reaction and ensure outstanding catalytic
activity. This work thus will facilitate the development of newly
efficient bifunctional electrocatalyst for water splitting reactions
based on transitional metal foil.

Methods
Materials synthesis. 3D porous Fe-oxide PTF was directly synthesized by anodic
treatment of commercial Fe foil. Then, the anodized Fe-oxide PTF was reacted with
fluorine vapor (from NH4F) at 300–400 °C in a CVD apparatus. In CVD, NH4F
sublimed at around 200 °C and decomposed to ammonia and hydrogen fluoride;
upon reaction with hydrogen fluoride, Fe-oxide precursors were converted to the
corresponding fluorides. The details are shown in Supplementary Information.

Characterizations. A JEOL 6500F SEM was used to investigate the morphology. A
JEOL 2010 HRTEM was used to observe the morphologies and lattice fringes of the
samples. The atomic-resolution TEM and STEM structural characterizations of
IFONFs were carried out with a probe-corrected Titan G2 60–300 (FEI, USA) and
Titan ChemiSTEM (FEI, USA) at acceleration voltages of 300 kV and 200 kV,
respectively. The crystal structure was evaluated using XRD analysis. XPS was
conducted on a PHI Quantera SXM scanning X-ray microscope. An Al anode at
25W was used as an X-ray source with a pass-energy of 26.00 eV, 45 take-off angle,
and a 100-μm beam size.

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.

Received: 3 October 2017 Accepted: 12 April 2018

References
1. Wang, H. et al. Bifunctional non-noble metal oxide nanoparticle

electrocatalysts through lithium-induced conversion for overall water splitting.
Nat. Commun. 6, 7261 (2015).

2. Li, H. et al. Activating and optimizing MoS2 basal planes for hydrogen
evolution through the formation of strained sulphur vacancies. Nat. Mater. 15,
48–53 (2016).

3. Voiry, D. et al. Enhanced catalytic activity in strained chemically exfoliated
WS2 nanosheets for hydrogen evolution. Nat. Mater. 12, 850–855 (2013).

4. Liu, Q. et al. Carbon nanotubes decorated with CoP nanocrystals: a highly
active non-noble-metal nanohybrid electrocatalyst for hydrogen evolution.
Angew. Chem. Int. Ed. Engl. 53, 6710–6714 (2014).

5. Yan, H. et al. Phosphorus-modified tungsten nitride/reduced graphene oxide
as a high-performance, non-noble-metal electrocatalyst for the hydrogen
evolution reaction. Angew. Chem. Int. Ed. Engl. 54, 6325–6329 (2015).

6. Fan, X. et al. Atomic H-induced Mo2C hybrid as an active and stable
bifunctional electrocatalyst. ACS Nano 11, 384–394 (2017).

7. Wang, F. et al. Selenium-enriched nickel selenide nanosheets as a robust
electrocatalyst for hydrogen generation. Angew. Chem. Int. Ed. Engl. 55,
6919–6924 (2016).

8. Vrubel, H. & Hu, X. Molybdenum boride and carbide catalyze hydrogen
evolution in both acidic and basic solutions. Angew. Chem. Int. Ed. Engl. 51,
12703–12706 (2012).

9. Bergmann, A. et al. Reversible amorphization and the catalytically active state
of crystalline Co3O4 during oxygen evolution. Nat. Commun. 6, 8106 (2015).

10. Liang, H. et al. Hydrothermal continuous flow synthesis and exfoliation of
NiCo layered double hydroxide nanosheets for enhanced oxygen evolution
catalysis. Nano Lett. 15, 1421–1427 (2015).

11. Xu, K. et al. Metallic nickel nitride nanosheets realizing enhanced
electrochemical water oxidation. J. Am. Chem. Soc. 137, 4119–4125 (2015).

12. Guan, C. et al. Iron oxide-decorated carbon for supercapacitor anodes with
ultrahigh energy density and outstanding cycling stability. ACS Nano 9,
5198–5207 (2015).

13. He, K. et al. Sodiation via heterogeneous disproportionation in FeF2 electrodes
for sodium-ion batteries. ACS Nano 8, 7251–7259 (2014).

14. Kim, S.-W. et al. Structure stabilization by mixed anions in oxyfluoride
cathodes for high-energy lithium batteries. ACS Nano 9, 10076–10084 (2015).

15. Li, C., Gu, L., Tong, J. & Maier, J. Carbon nanotube wiring of electrodes for
high-rate lithium batteries using an imidazolium-based ionic liquid precursor
as dispersant and binder: a case study on iron fluoride nanoparticles. ACS
Nano 5, 2930–2938 (2011).

16. Cong, Y., Chen, M., Xu, T., Zhang, Y. & Wang, Q. Tantalum and aluminum
Co-doped iron oxide as a robust photocatalyst for water oxidation. Appl.
Catal. B Environ. 147, 733–740 (2014).

17. Burke, M. S., Kast, M. G., Trotochaud, L., Smith, A. M. & Boettcher, S. W.
Cobalt-iron (oxy)hydroxide oxygen evolution electrocatalysts: the role of
structure and composition on activity, stability, and mechanism. J. Am. Chem.
Soc. 137, 3638–3648 (2015).

18. Wang, G. et al. Facile synthesis of highly photoactive α-Fe2O3-based films for
water oxidation. Nano Lett. 11, 3503–3509 (2011).

19. Armstrong, M. J., Panneerselvam, A., O’Regan, C., Morris, M. A. & Holmes, J.
D. Supercritical-fluid synthesis of FeF2 and CoF2 Li-ion conversion materials.
J. Mater. Chem. A 1, 10667–10676 (2013).

20. Zhou, H. et al. Controlled formation of mixed nanoscale domains of high
capacity Fe2O3–FeF3 conversion compounds by direct fluorination. ACS Nano
9, 2530–2539 (2015).

21. Xie, J. et al. Controllable disorder engineering in oxygen-incorporated MoS2
ultrathin nanosheets for efficient hydrogen evolution. J. Am. Chem. Soc. 135,
17881–17888 (2013).

22. Yin, Y. et al. Contributions of phase, sulfur vacancies, and edges to the
hydrogen evolution reaction catalytic activity of porous molybdenum disulfide
nanosheets. J. Am. Chem. Soc. 138, 7965–7972 (2016).

23. Xie, J. et al. Defect-rich MoS2 ultrathin nanosheets with additional active edge
sites for enhanced electrocatalytic hydrogen evolution. Adv. Mater. 25,
5807–5813 (2013).

24. Yang, Y., Fei, H., Ruan, G., Li, Y. & Tour, J. M. Vertically aligned WS2
nanosheets for water splitting. Adv. Funct. Mater. 25, 6199–6204
(2015).

25. Li, C. et al. An FeF3·0.5H2O polytype: a microporous framework compound
with intersecting tunnels for Li and Na batteries. J. Am. Chem. Soc. 135,
11425–11428 (2013).

26. Zhao, T. et al. Design of surface protective layer of LiF/FeF3 nanoparticles in
Li-rich cathode for high-capacity Li-ion batteries. Nano Energy 15, 164–176
(2015).

27. Sina, M. et al. Investigation of SEI layer formation in conversion iron fluoride
cathodes by combined STEM/EELS and XPS. J. Phys. Chem. C 119, 9762–9773
(2015).

28. Dou, Y. et al. Atomic layer-by-layer Co3O4/graphene composite for high
performance lithium-ion batteries. Adv. Energy Mater. 6, 1501835 (2016).

29. Yang, Y. et al. Three-dimensional nanoporous Fe2O3/Fe3C-graphene
heterogeneous thin films for lithium-ion batteries. ACS Nano 8, 3939–3946
(2014).

30. Nguyen, N. T., Altomare, M., Yoo, J. & Schmuki, P. Efficient photocatalytic H2

evolution: controlled dewetting–dealloying to fabricate site-selective high-
activity nanoporous Au particles on highly ordered TiO2 nanotube arrays.
Adv. Mater. 27, 3208–3215 (2015).

31. Wang, Y. et al. Layered double hydroxide nanosheets with multiple vacancies
obtained by dry exfoliation as highly efficient oxygen evolution
electrocatalysts. Angew. Chem. Int. Ed. Engl. 56, 5867–5871 (2017).

32. McKenna, K. P. et al. Atomic-scale structure and properties of highly stable
antiphase boundary defects in Fe3O4. Nat. Commun. 5, 5740 (2014).

33. Tao, H. B. et al. Identification of surface reactivity descriptor for transition
metal oxides in oxygen evolution reaction. J. Am. Chem. Soc. 138, 9978–9985
(2016).

34. Mahmood, J. et al. An efficient and pH-universal ruthenium-based catalyst for
the hydrogen evolution reaction. Nat. Nano 12, 441–446 (2017).

35. Suen, N.-T. et al. Electrocatalysis for the oxygen evolution reaction: recent
development and future perspectives. Chem. Soc. Rev. 46, 337–365
(2017).

36. Howie, A. Image contrast and localized signal selection techniques. J. Microsc.
117, 11–23 (1979).

37. Gao, P., Wang, L., Zhang, Y., Huang, Y. & Liu, K. Atomic-scale probing of the
dynamics of sodium transport and intercalation-induced phase
transformations in MoS2. ACS Nano 9, 11296–11301 (2015).

38. Azizi, A. et al. Dislocation motion and grain boundary migration in two-
dimensional tungsten disulphide. Nat. Commun. 5, 4867 (2014).

39. Bandal, H. A., Jadhav, A. R., Chaugule, A. A., Chung, W. J. & Kim, H. Fe2O3

hollow nanorods/CNT composites as an efficient electrocatalyst for oxygen
evolution reaction. Electrochim. Acta 222, 1316–1325 (2016).

40. Dudarev, S. L., Botton, G. A., Savrasov, S. Y., Humphreys, C. J. & Sutton, A. P.
Electron-energy-loss spectra and the structural stability of nickel oxide: an
LSDA+U study. Phys. Rev. B 57, 1505–1509 (1998).

41. Munoz, F. et al. Surface states of FeF2 (110) and its uncompensated
magnetization. J. Magn. Magn. Mater. 393, 226–232 (2015).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04248-y

10 NATURE COMMUNICATIONS |  (2018) 9:1809 | DOI: 10.1038/s41467-018-04248-y | www.nature.com/naturecommunications

www.nature.com/naturecommunications


42. Nørskov, J. K. et al. Trends in the exchange current for hydrogen evolution.
J. Electrochem. Soc. 152, J23–J26 (2005).

43. Liu, Y., Wang, Y. M., Yakobson, B. I. & Wood, B. C. Assessing carbon-based
anodes for lithium-ion batteries: a universal description of charge-transfer
binding. Phys. Rev. Lett. 113, 028304 (2014).

44. Liu, Y., Artyukhov, V. I., Liu, M., Harutyunyan, A. R. & Yakobson, B. I.
Feasibility of lithium storage on graphene and its derivatives. J. Phys. Chem.
Lett. 4, 1737–1742 (2013).

45. Liu, Y., Merinov, B. V. & Goddard, W. A. Origin of low sodium capacity in
graphite and generally weak substrate binding of Na and Mg among alkali and
alkaline earth metals. Proc. Natl Acad. Sci. USA 113, 3735–3739 (2016).

46. Zhou, H. et al. Outstanding hydrogen evolution reaction catalyzed by
porous nickel diselenide electrocatalysts. Energy Environ. Sci. 10, 1487–1492
(2017).

47. Tang, X., Jia, R., Zhai, T. & Xia, H. Hierarchical Fe3O4@Fe2O3 core-shell
nanorod arrays as high-performance anodes for asymmetric supercapacitors.
ACS Appl. Mat. Interfaces 7, 27518–27525 (2015).

48. Fichtl, M. B. et al. Counting of oxygen defects versus metal surface sites in
methanol synthesis catalysts by different probe molecules. Angew. Chem. Int.
Ed. Engl. 53, 7043–7047 (2014).

Acknowledgements
We acknowledge the National Natural Science Foundation of China (nos. 21603129
and U1510103), National Natural Science Foundation of Shanxi Province (no.
201601D202021), Ten Thousand Talent Program and Sanjin Scholar for finance support
of this research. Y.L. acknowledges the startup support from UT Austin. We also thank
Dr. Bo Chen from Rice University for assistance with XPS spectroscopy. We would also
like to acknowledge Professor Boris I. Yakobson at Rice University for helpful discussions
and Dr. Junjie Zhang from Scientific Instrument Center at Shanxi University for her help
with ICP-MS measurement. This work used computational resources sponsored by the
DOE’s Office of Energy Efficiency and Renewable Energy and located at the National
Renewable Energy Laboratory, and the Texas Advanced Computing Center (TACC) at
UT Austin.

Author contributions
X.F. conceived the experiment, supervised the research work, and was involved in
scientific discussions. X.F. designed, carried out the syntheses, and performed

electrocatalysis measurements. X.F., S.C., and J.W. performed the characterizations. Y.L.
and J.S. performed first-principle calculations under the guidance of W.A.G. A.F., W.Z.,
S.L., and X.-M.Z. participated in the preparation of the manuscript. All the authors
discussed the results and revised the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-04248-y.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04248-y ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:1809 | DOI: 10.1038/s41467-018-04248-y | www.nature.com/naturecommunications 11

https://doi.org/10.1038/s41467-018-04248-y
https://doi.org/10.1038/s41467-018-04248-y
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Defect-enriched iron fluoride-oxide nanoporous thin films bifunctional catalyst for water splitting
	Results
	Synthesis and characterizations of IFONFs
	Electrocatalytic HER and OER performances

	Discussion
	Methods
	Materials synthesis
	Characterizations
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




