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1 Introduction

Hydrogen is considered as an ideal energy carrier for

ABSTRACT

Hierarchical FeP nanoarray films composed of FeP nanopetals were successfully
synthesized via a bio-inspired hydrothermal route followed by phosphorization.
Glycerol, as a crystal growth modifier, plays a significant role in controlling the
morphology and structure of the FeO(OH) precursor during the biomineralization
process, while the following transfer and pseudomorphic transformation of the
FeO(OH) film successfully give rise to the FeP array film. The as-prepared FeP
film electrodes exhibit excellent hydrogen evolution reaction (HER) performance
over a wide pH range. Theoretical calculations reveal that the mixed P/Fe
termination in the FeP film is responsible for the high catalytic activity of the
nanostructured electrodes. This new insight will promote further explorations
of efficient metal phosphoride-based catalysts for the HER. More importantly,
this study bridges the gap between biological and inorganic self-assembling
nanosystems and may open up a new avenue for the preparation of functional
nanostructures with application in energy devices.

replacing fossil fuels in the future [1]. Electrocatalytic
water splitting offers a promising and environment-
friendly approach for the scalable production of
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hydrogen, but requires efficient and inexpensive
catalysts to reduce the overpotential of the cathodic
hydrogen evolution reaction (HER) [2-5]. To replace
noble Pt catalysts, various alternative nanomaterials
including metal sulfides/carbides/nitrides have been
explored as highly effective electrocatalysts for HER
[6-11]. Recently, nanocatalysts such as nanostructured
iron phosphide (FeP) have shown high efficiency in
the HER process [12, 13]. Various FeP nanostructures
have also been reported as HER electrocatalysts,
including nanorods, nanoparticles, nanosheets, and
their composites [14-16]. It is well known that an
ideal catalyst should not only possess a large number of
exposed active sites and good electronic conductivity,
but the composed electrode architecture should also
have a surface structure that favors the rapid removal
of the H, gas generated [17, 18]. However, only few
studies have explored the effect of the morphologies
of the FeP nanostructure and the composed electrode
on the HER performance. In addition, understanding
the activity mechanism and the relationships between
the electrocatalytic performance and the components
and structure of these systems remains a major
challenge.

In the past few decades, a wide variety of biominerals
have been shown to have three-dimensional (3D)
architectures, usually built by assembling various buil-
ding blocks such as biopolymers in mild environments
[19-21]. Biomineralization events often take place in
association with organic molecules through bottom-up
processes, and biominerals have been intensively
pursued as ideal platforms for the design and fabri-
cation of inorganic nanostructured materials in aqueous
systems [22]. Various biomimetic synthetic routes
have been developed for manufacturing highly
ordered inorganic architectures [23-26]. However, most
previous studies focused on alkaline earth metal-based
phosphates and carbonates [27, 28]. It would be of
high interest to further expand these bio-inspired
engineering strategies to the design and synthesis of
inorganic and non-biological mineral nanostructures,
with potential multidisciplinary applications in
electronic and electrochemical energy technologies.

Herein, a FeP array film electrode composed of
FeP nanopetal building blocks is prepared through
a bio-inspired hydrothermal route followed by a
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phosphorization process. In the first step, glycerol
works as a crystal growth modifier in controlling the
morphology and structure of the FeO(OH) film pre-
cursor during the biomineralization process, while
the following transfer and subsequent pseudomorphic
transformation of the FeO(OH) film precursor suc-
cessfully give rise to the FeP array film electrode. The
array film electrode exhibits excellent electrocatalytic
HER performance over a wide pH range. Together
with theoretical calculations, the present results are
also used to formulate a mechanism for the HER
activity of the FeP electrode.

2 Results and discussion
21 Synthesis and characterization

The fabrication of the hierarchical FeP film electrodes
is illustrated in Fig. 1. In the first step, a FeO(OH)
array film composed of uniform nanopetals is produced
via a bio-inspired hydrothermal route. No FeO(OH)
film is observed before adding glycerol during the
hydrothermal process, suggesting that glycerol might
act as crystal growth modifier and mediate the
formation of the FeO(OH) precursor. Afterwards, the
FeO(OH) film is carefully transferred to a clean Ti foil
which serves as the electrode substrate, and the
as-transferred samples are put in an oven at 80 °C for
30 min to enhance the contact between FeO(OH) film
and Ti foil. The third step involves a pseudomorphic
phosphorization reaction converting the supported
FeO(OH) films to FeP films under PH; atmosphere.
The hierarchical FeP electrode with favorable surface
structure was thus fabricated by combining bio-inspired

Figure 1 Illustration of the fabrication of hierarchical FeP film
electrodes. (a) Bio-inspired hydrothermal growth; (b) transfer of
a-FeOOH films; (c) in situ phase transformation of a-FeOOH
film to hierarchical FeP film electrode.
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mineralization and phase transformation processes
(Fig. S1 in the Electronic Supplementary Material
(ESM)). Ti substrates have been employed in this
work, because Ti not only promotes the adhesion of
the FeP film, but is also electrochemically inactive in
the HER and remains chemically inert during that
process.

The crystallographic structure and phase purity of
the FeO(OH) film and the phosphidated product
were investigated by X-ray diffraction (XRD) (Fig. S2
in the ESM). The as-synthesized iron oxide film
exhibits diffraction patterns characteristic of a-phase
FeO(OH) (JCPDS no. 29-0713), even though the relative
peak intensities do not exactly match the simulated
ones. The slight mismatch could be attributed to the
preferred orientation [29]. After the solid/gas-phase
reaction, the diffraction peaks of the products match
those of FeP (JCPDS no. 65-2595), confirming the
successful conversion of a-FeO(OH) to FeP after the
low-temperature phosphorization process, even though
the weak (00]) diffraction peaks denote poor crystallinity.
The scanning electron microscopy (SEM) images in
Fig. 2 clearly show the film morphologies of the as-
prepared FeO(OH), consisting of nanoarray structures.
The film consists of a large number of uniformly
aligned nanopetals, nearly perpendicular to the film

plane; some petals even assemble into nanoflowers
(Fig. 2(a)). The cross-section SEM images highlight
the presence of large numbers of nanopetal building
blocks on both sides of the as-obtained FeO(OH) film

|
FeSO, 7H,0—

Figure 2 (a) and (b) Field-emission SEM (FESEM) images of
FeO(OH) film precursor. The inset in panel (a) shows a cross-
section view. (¢) Schematic illustration of the formation of the
FeO(OH) array films.
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(inset of Fig. 2(a)), while the central part of the film is
composed of a large amount of nanoparticles tightly
stacked on top of each other. This nanoparticle layer
could act as the growth substrate for the additional
formation of isolated nanopetals. Figure 2(b) displays
a high-magnification SEM image of the a-FeO(OH)
nanopetals, which reveals that the petals have a very
smooth surface, along with a thickness of 5-10 nm
and a lateral size of 200-300 nm. Similar structures
have also been reported for other compounds such as
NiO [30], WO; [31], MoS;, [17], and some layered double
hydroxides (LDHs) [32]. However, the previously
reported thin array films were usually grown directly
on solid substrates or supports, rather than by a
template-free hydrothermal process.

We then investigated the influence of the glycerol
concentration on the product morphology (Fig. S3 in
the ESM). Decreasing the glycerol/water volume ratio
to 1:7 results in the formation of films composed of
vertically aligned nanorods on both sides (Figs. S3(a)
and S3(b) in the ESM). On the other hand, when the
volume ratio is increased to 1:1, films can only be
obtained at the interface of the solution, and the nano-
petals only grow on one side of the film (Figs. S3(e)
and S3(f) in the ESM). This could be due to the
relatively high buoyancy of the produced film resulting
from the enhanced solvent density, which causes the
initially formed particles to assemble at the air-solution
interface, serving as growth substrate for the further
formation of nanopetals on the solution surface.

The growth process of FeO(OH) films during the
hydrothermal reaction was studied by time-dependent
experiments. At an early reaction stage (4 h), a large
amount of FeO(OH) nanoparticles can be observed in
the sample (Figs. S4(a) and S4(b) in the ESM). When
the incubation time is increased to 8 h, nanoparticle
layers are formed and act as growth substrates for
isolated nanopetals (Figs. S4(c) and S4(d) in the ESM).
As the reaction proceeds, both the number and density
of nanopetals increase, and some flower-like structures
are also observed (marked as white circles in Figs.
S4(e) and S4(f) in the ESM). Thereafter, well-defined
FeO(OH) films composed of vertically aligned nano-
petals are formed after 12 h of reaction (Figs. 2(a) and
2(b)). Based on these findings, a potential growth
mechanism of the FeO(OH) array films is shown in
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Fig. 2(c). First, FeO(OH) nanoparticles stack together
to form a thin layer, which serves as substrate for the
subsequent growth of isolated nanopetals and flower-
like structures. As the reaction proceeds, the structure,
size, and density of the nanounits increase, and well-
defined FeO(OH) array films composed of nanopetals
are eventually obtained at longer reaction times.
Surprisingly, the two-dimensional array remains
intact after the phosphidation process (Fig. 3(a) and
inset), and exhibits a nanoporous structure with holes
of size ranging from 50 to 200 nm among the petals
(Fig. 3(b)). Compared with the FeO(OH) films, the
obtained FeP films have a similar larger lateral size
and film thickness, with a slightly adjacent due to the
sintering process. The energy dispersive X-ray (EDX)
spectrum gives a Fe/P ratio of 1:1.08 for the FeP films,

; ; /4\[ Y
0.273 nm
~ 2nm

0 100 200 300 400
Position (nm)
Figure 3 (a) and (b) FESEM images of hierarchical FeP film.
The inset in panel (a) shows a cross-section view. (¢) TEM image
of FeP nanopetals scraped off the film electrode. (d) HRTEM
image corresponding to the area marked with a yellow rectangle
in (c). (¢) STEM image of as-prepared FeP film. (f) EDX line
profiles of FeP film taken along the path marked in (e).
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which is close to the expected 1:1 FeP stoichiometry,
as well as to the results of inductively coupled
plasma (ICP) measurements (44% Fe and 56% P, Fig. S5
in the ESM). More detailed structural information on
the FeP nanopetals can be obtained by the transmission
electron microscopy (TEM) analysis in Fig. 3(c) and
Fig. 56 in the ESM. A high-resolution TEM (HRTEM)
image of a selected area from a single nanopetal
displays well-resolved lattice fringes (Fig. 3(d)). The
measured interplanar spacings of 0.273 and 0.259 nm
match well with those of the (011) and (200) crystal
planes of FeP. A closer inspection of the figure reveals
crystallized FeP surrounded by amorphous regions
(indicated by yellow circles), in good agreement
with the XRD results. According to previous studies,
this interesting structure is expected to result in a
more efficient HER performance [33, 34]. In addition,
the scanning TEM (STEM) image in Fig. 3(e) clearly
reveals the 3D structure of the film. Finally, the
corresponding EDX line profiles further confirm the
uniform distribution of Fe and P elements throughout
the film (Fig. 3(f)).

The surface composition and oxidation states of
the as-prepared FeO(OH) and FeP films were further
examined by X-ray photoelectron spectroscopy (XPS).
For the FeO(OH) film, the Fe 2p;, and Fe 2p,, core
level peaks are observed at binding energies of 710.2
and 724.0 eV, respectively, together with satellite
features (Fig. 4(a)), in agreement with literature data
for a-FeO(OH) [35]. The O 1s core level spectrum can
also be deconvoluted into two peaks at 530.4 and
529.0 eV (Fig. 4(b)). The former peak corresponds to
the absorption of oxygen or water molecules on the
surface of the composite, while the second one results
from O,-forming oxide with Fe elements [35]. After
the phosphorization reaction at 350 °C, the Fe 2p core
level spectrum shifts to higher binding energies,
together with the appearance of a minor peak at a
lower binding energy of 707.5eV, which could be
assigned to FeP, in good agreement with previous
reports (Fig. 4(c)) [36]. The corresponding P 2p region
displays two peak regions (Fig. 4(d)), one centered
at binding energies of 129.5 and 130.1 eV (P 2p;, and
P 2p,p), characteristic of phosphorus in FeP [36], and
another peak at 133.6 eV. Together with the shifted Fe
core level peaks, the latter can be assigned to oxidized
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Figure 4 Fe 2p (a) and O 1s (b) XPS spectra of FeO(OH) film precursor; Fe 2p (c) and P 2p (d) XPS spectra of hierarchical FeP film.

P and Fe species in FeP, which could be due to surface
oxidation in the atmosphere, as often observed for
transition metal phosphide materials [37]. In addition,
in-depth XPS analysis indicates that after 5 min of Ar*
etching the peaks corresponding to oxidized Fe and
P species decrease, while the FeP peaks increase. On
the other hand, only the FeP peaks are observed after
10 min etching, suggesting a homogeneous distri-
bution of the component elements inside the film and
the complete chemical conversion of FeO(OH) into
FeP (Fig. S7 in the ESM).

2.2 Electrochemical measurements

It is well known that the electrochemical performance
of an electrode strongly depends not only on the
intrinsic crystalline structure and on the surface
composition of the active catalysts, but also on the
morphology and assembled structure of the active
composites. In the case of the nanostructured FeP

array film, the uniquely oriented FeP nanopetals are
expected to reduce the adhesion and accelerate the
release of the hydrogen gas formed, as well as
maximizing the exposure of the reactive edges to the
liquid electrolyte, so as to accelerate electron/proton
transfer or diffusion [18, 38]. At the same time, the
high intrinsic activity and conductivity of FeP also
improves the efficiency of the HER process [39].
Furthermore, the mixture of amorphous and crystalline
phases in the as-received FeP is also expected to be
beneficial for the HER due to the higher number of
exposed active sites compared with the highly cry-
stalline FeP [40]. Having obtained a sufficient under-
standing of the structure and composition of the FeP
film electrode, we turned to assess the HER per-
formance of the film in Hy-saturated electrolytes over
a wide pH range. As the concentration of glycerol has
a certain effect on the morphology of the resulting
FeP films, we first investigated the HER activity of the
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FeP films obtained with different glycerol amounts
(Fig. S8 in the ESM). The FeP film obtained with a
glycerol/water volume ratio of 1:3 showed the highest
HER activity in both conditions, but only slightly
higher than that of the FeP film prepared with 1:7
volume ratio, which could be due to the similar
morphology of the two films. On the other hand, the
FeP film with 1:1 ratio needed the largest overpotential
to reach the same current density; this could be due to
the lower number of active sites per area in the film,
as the FeP nanopetals grew only on one side of the
film. Therefore, the FeP film with 1:3 water/glycerol
ratio was selected for further electrochemical
characterization.

Figure 5(a) shows the polarization curves obtained
for representative FeP film electrodes, along with the
results obtained under identical conditions for bare Ti
foil (after phosphorization at 350 °C) and commercial
Pt/C electrodes. As expected, the Ti foil electrode is
HER-inactive under such conditions. After evaluating
the resistance, an iR correction was applied to the
electrochemical measurements (Fig. S9 in the ESM).
Note that all electrodes were tested in a static state

without rotation, to mimic real industrial operation.

| Nano Res. 2018, 11(7): 3537-3547

A rapid cathodic current increase was observed in
0.5 M H,SO, for the nanostructured FeP film below
-25mV vs. reversible hydrogen electrode (RHE);
further scanning towards more negative potentials
gave rise to a dramatic increase in current density,
which even exceeded that of Pt/C at potentials below
-158 mV vs. RHE (Fig. 5(a)). The onset overpotential
(determined from the recorded linear sweep voltam-
metry (LSV) curves based on a current density of
1 mA-cm2) of the FeP film electrode was estimated
to be ~16 mV, and an overpotential of only 65 mV
was required to drive a kinetic current density of
10 mA-cm2. These overpotentials compare favorably
with the performance of most reported metal pho-
sphides HER catalysts in acidic conditions (Table S1
in the ESM). The inset of Fig. 5(a) displays the Tafel
slopes obtained for all samples. A slope of 30 mV-dec!
was obtained for commercial Pt/C in an acidic
electrolyte, consistent with the reported values for the
Pt-catalyzed HER [41]. By contrast, the Tafel slope of
the FeP film electrode was 48.5 mV-dec, indicating
that different HER mechanisms are active on the FeP
nanostructure array film and Pt. The behavior of FeP
is consistent with the combined Volmer-Heyrovsky
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Figure 5 (a) and (b) Polarization curves measured in 0.5 M H,SO, (a) and 1.0 M KOH (b) with a scan rate of 5 mV-s™'. The insets
show the corresponding Tafel plots. (c) and (d) Stability tests for FeP film electrode at a static overpotential of 100 mV in 0.5 M H,SO,

(c) and 120 mV in 1.0 M KOH (d) for 18 h.
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mechanism, in which the bond strength of the
adsorbed hydrogen is strong enough to provide a
sufficient coverage of the intermediate, but not enough
to desorb the product [42]. Similar Tafel slopes have
been previously reported for other transition metal-
based phosphides, such as MoP (56 mV-dec™) [43],
CoP (50 mV-dec?) [44], and Ni,P (46 mV-dec™) [45]. As
mentioned above, the as-obtained FeP film contains
an amorphous phase; hence, a control experiment was
conducted to investigate the influence of such struc-
ture on the HER activity. The results show that when
the phosphorization temperature was increased to
450 °C, the obtained FeP film exhibited high crystallinity
(Figs. 510(a) and 510(b) in the ESM), but much lower
HER activity compared with the present FeP film
electrode (Fig. S10(c) in the ESM). Figure S11 in the
ESM shows the polarization curves normalized by
the number of active sites, expressed in term of
the turnover frequency (TOF). The TOF value of the
as-received FeP film was estimated to be 1.55 s in
0.5 M H,SO, at the overpotential of 200 mV, which is
much higher than the values obtained for Ni,P/Ti
(0.725 s at 205 mV) [46] and defect-rich MoS, (0.725 s
at 300 mV) [47].

Remarkably, the onset overpotential of the FeP
nanostructured film in an alkaline electrolyte was
as low as 16 mV, and an overpotential of only 84 mV
was required to achieve a geometric current density
of 10 mA-cm™ (Fig. 5(b)). At a potential of -193 mV
vs. RHE, the FeP film can generate a catalytic current
density of 100 mA-cm?, which even exceeds that of the
commercial Pt/C electrocatalyst. These overpotentials
are comparable to, or even exceed, those of most
reported Pt-free HER catalysts in alkaline media
(Table S2 in the ESM). Moreover, the corresponding
Tafel plots yield a much smaller slope of 85.0 mV-dec!
compared with Pt/C (120.5 mV-dec™), further con-
firming the favorable electrochemical kinetics for the
HER process (inset of Fig. 5(b)). The HER reaction
on the FeP film in acidic conditions was shown to
proceed through the Volmer-Heyrovsky mechanism.
Durst et al. suggested that the mechanism does not
change in a strong base, except that the Heyrovsky
or Volmer step is followed by rapid recombination
between H* cations and the abundant OH™ anions of
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the alkaline electrolytes [48], and thus the hydrogen
binding energy is the dominating factor controlling
the HER in both strong acids and strong bases. This
hypothesis was confirmed by the density functional
theory (DFT) calculations performed in this work.

The stability performance of the FeP film electrodes
was then investigated by long-term cycling and
chronoamperometry electrolysis experiments at over-
potentials of 100 and 120 mV in acidic and alkaline
electrolytes, respectively, for 18 h. After 5,000 continuous
cyclic voltammetry (CV) cycles, the nanostructured
FeP film electrodes still showed steady performances
in either 0.5 M H,SO, or 1.0 M KOH, as indicated by
the smooth curves recorded, with only slight current
degradation (Fig. S12 in the ESM). Figures 5(c) and
5(d) show the chronoamperometry plots; the FeP
array film exhibited excellent long-term stability at
the measured overpotential under both conditions.
The durability of the present systems exceeds that
of other reported FeP-based HER electrocatalysts,
especially in basic conditions [12, 14]. The FeP films
mostly retained their initial morphology after the
stability tests; however, the nanopetals were packed
closely together after long-term HER (Fig. 513 in the
ESM). Faradaic efficiency tests of the HER process in
acidic and basic media were conducted at a constant
applied potential for 120 min, and showed a near
100% Faradaic efficiency (Fig.S14 in the ESM). It
should be noticed that the FeP film electrode also
performed well in neutral solution. Figure S15 in the
ESM shows the polarization curves for the FeP film
electrode before and after 2,000 CV cycles at a scan
rate of 50 mV-s! in 1.0 M phosphate buffer solution
(PBS, pH 7), showing a Tafel slope of 69.4 mV-dec!
and no measurable loss of catalytic activity.

Except for the advantages of the intrinsic crystalline
structure of FeP, the excellent performance of the
present materials can be rationalized in terms of the
electrode design. The vertical FeP nanopetal arrays
with porous structure could significantly improve
the release rate of H, gas generated at the electrode
surface during the HER process, which effectively
prevent the accumulation of the H, gas bubbles on
the catalyst surface and thus lead to a better long-term
stability [17, 18]. To confirm this hypothesis, we

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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prepared a FeP plate electrode and assessed its HER
activity; the electrode showed a much lower HER
activity than the FeP film electrode, demonstrating the
significant role of the FeP morphology on the HER per-
formance (Fig. S16 in the ESM). In the current study,
the FeP film electrode was obtained by supporting the
film on Ti foil; however, alternative architectures can
be produced, for example, by directly attaching the FeP
film catalysts onto the cathode of a water-splitting cell
to form an integrated system.

2.3 Density functional theory calculations

To understand the basis of the catalytic activity of the
hierarchical FeP array film, the Gibbs free energy
(AGy,) was used as descriptor to evaluate the catalysts
using DFT calculations (additional computational
details can be found in the ESM). For an ideal HER
catalyst, AG,, should be close to zero (JAG}| — 0) [49].
In order to select a suitable surface to perform the
calculations, we calculated the free energies of low-
index surfaces with different terminations, and used
them to measure the corresponding stability. Among
all the surfaces considered, the mixed P/Fe-terminated
FeP(011) surface (FeP(011)-Tpr.) exhibited the lowest
surface free energy (Table S3 and Fig. 517 in the ESM),
which is consistent with our experimental data (Fig. 3(d)).
Thus, the mixed P/Fe termination of the FeP(011)
surface was chosen to study H adsorption (Fig. 518 in
the ESM). As shown in Fig. 6, when the H coverage
reaches 1/4 of a monolayer (ML, defined as one hydro-
gen adsorbed on a 2 x 2 slab), the AG), calculated for
FeP(011)-Tpr. was 0.09 eV, fulfilling the |AGy — 0
requirement. The |AG}| value of FeP(011)-Tpp. is
smaller than those reported for MoP(001) (-0.36 eV)
[43] and Pt(111) (-0.41eV) [50]. This highlights a
higher hydrogen evolution activity for FeP(011)-Tp.
compared with P-terminated MoP(001) at lower
coverage, consistent with experimental results [43].
Further increasing the coverage from 1/4 ML to 1 ML,
the |AG,| value of FeP(011)-Tp remained the smallest,
with only a small change from 0.09 to -0.11 eV (Fig. 519
and Table 54 in the ESM), indicating a weaker coverage
dependence of the free energy of the mixed P/Fe
termination compared to that of MoP(001) (which

Nano Res. 2018, 11(7): 3537-3547
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Figure 6 Schematic energy profiles for the HER process on the
mixed P/Fe termination (7p.) of FeP(011), the P termination (7p)
of MoP(001), and Pt(111). The data for MoP [43] and Pt(111) [50]
were obtained using the VASP code and the Perdew—Burke-
Ernzerhof (PBE) functional. The H coverage is 1/4 ML for each
catalyst. Note that the AG), value barely changes at lower coverages,
due to the weak interaction between the adsorbate and the surface.

increased from -0.36 to 0.54 eV) [43]. Whereas these
findings may provide useful insight for the develop-
ment of metal phosphides for the HER process, future
work focused on the FeP surface would be required to
fully understand the phenomena involved.

3 Conclusions

In conclusion, this work presents a bio-inspired
strategy for the synthesis of hierarchical FeP nano-
structure array films, based on the morphology-
preserving thermal transformation of film-shaped
FeO(OH) nanostructures. The nanostructured FeP
array film can be used as gas-evolving electrode for
the HER over a wide pH range electrolytes. DFT
calculations show that the mixed P/Fe surface
terminations likely represent the active catalytic sites,
achieving a Gibbs free energy close to zero. Due to
their excellent HER performance, the hierarchical FeP
films represent a promising alternative to platinum as
HER electrodes, with great potential for application
in hydrogen production by water splitting technologies.
More importantly, the present bio-inspired synthetic
approach bridges the gap between biological and
inorganic self-assembling nanosystems and opens up
a new avenue for the rational design of functional
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nanostructures for electrochemical reactions and
energy devices based on gas generation.
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