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Abstract: Iron is the cheapest and one of the most abundant
Natural  [FeFe]-hydrogenases exhibit
remarkably high activity in hydrogen evolution, but they
suffer from high oxygen sensitivity and difficulty in scale-up.
Herein, an FeP nanowire array was developed on Ti plate (FeP
NA/Ti) from its B-FeOOH NA/Ti precursor through a low-
temperature phosphidation reaction. When applied as self-
supported 3D hydrogen evolution cathode, the FeP NA/Ti
electrode shows exceptionally high catalytic activity and good
durability, and it only requires overpotentials of 55 and 127 mV
to afford current densities of 10 and 100 mA cm?, respectively.
The excellent electrocatalytic performance is promising for
applications as non-noble-metal HER catalyst with a high
performance—price ratio in electrochemical water splitting for
large-scale hydrogen fuel production.

transition  metals.

Hydrogen as a promising clean chemical fuel is an ideal
energy carrier for sustainable energy applications.!'! Electro-
chemical reduction of water for hydrogen production is an
important component of several emerging clean-energy
technologies, but an efficient electrocatalyst for the hydrogen
evolution reaction (HER) is required to afford high current at
low overpotential.”! Although Pt-based catalysts show high
catalytic performance, they suffer from high costs and the
scarcity of Pt.’) Water electrolysis based on proton exchange
membrane (PEM) technology and many solar water splitting
devices operate under strongly acidic conditions, it is thus
highly attractive to develop acid-stable HER catalysts made
from earth-abundant elements. Catalysts based on Mo, W,
and Fe-group elements have received great attention, includ-
ing MoS,,P MoSe,! MoB/["! Mo,C¥ NiMoN,
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Naturally occurring [FeFe]-hydrogenases show remark-
ably high activity in hydrogen evolution,['” which has inspired
considerable research efforts to develop artificial molecular
mimics."®! However, the hydrogenases suffer from high
oxygen sensitivity and difficult scale-up!"” while the mimics
suffer from large overpotential and/or low stability.?”! Prac-
tical application of the mimics requires their grafting onto
current collectors to prepare the electrocatalytic hydrogen
evolution cathode,® which remains a challenging task
because of synthetic issues with such complexes.” The
design of solid-state inorganic catalysts could offer an
alternative strategy.™ Given that Fe is the cheapest and
one of the most abundant transition metals, it is expected that
artificial Fe-based solid-state inorganic compounds would
represent a cheap HER catalysts. Xu et al. have recently
developed FeP nanosheets as a HER catalyst in acidic
solution,? but this catalyst requires a large overpotential
(1) of ca. 240 mV to afford a current density of 10 mA cm™?
and its preparation suffers from the involvement of several
organic solvents.

In principle, electrochemical tests require the effective
immobilization of electrocatalysts of interest on current
collectors with the use of a polymer binder as film-forming
agent. The polymer binder generally increases the series
resistance™' and may block active sites and inhibit diffusion,
leading to reduced catalytic activity.”® Such issues have been
successfully solved by directly growing the active phase on the
current collector.'*!* Here, we describe further advance-
ment in this direction by developing a FeP nanowire array
supported on conductive Ti plate (FeP NA/Ti) as an
integrated 3D hydrogen evolution cathode. FeP NA is the
active phase and Ti is the current collector. Unexpectedly, the
FeP NA/Ti electrode shows exceptionally high catalytic
activity and good durability in aicidc media. It exhibits
a very small onset overpotential of 16 mV, a low Tafel slope of
38mV/dec and a large exchange current density of
0.42 mA cm 2. Further, it requires overpotentials of only 55
and 127mV to afford current densities of 10 and
100 mA cm %, respectively.

A two-step strategy was used to fabricate FeP NA/Ti.
First, FFOOH NA is hydrothermally grown on Ti, followed by
chemical conversion of the resulting FeEOOH NA/Ti precur-
sor into FeP NA/Ti by a low-temperature phosphidation
reaction (see Supporting Information (SI) for details). Fig-
ure 1a and b show the X-ray diffraction (XRD) patterns for
FeOOH and the phosphidated product which was scraped off
the Ti plate. The Fe precursor shows diffraction peaks
characteristic of p-phase FeOOH (JCPDS No. 75-1594)27)
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Figure 1. XRD patterns for a) FEFOOH and b) FeP scraped off the Ti
plate. c) Low- and d) high-magnification SEM images of FeOOH NA/Ti
precursor. e) Cross-section SEM image of FEOOH NA/Ti. f) Low- and
g) high-magnification SEM images of FeP NA/Ti. h) Cross-section SEM
image of FeP NA/Ti.

while the phosphidated product only shows peaks corre-
sponding to FeP (JCPDS No. 78-1443).”1 The XRD inten-
sities do not match exactly with those of the simulated
patterns, which could be due to preferred orientation.*’]
Figure 1¢ and d show scanning electron microscopy (SEM)
images of FeEOOH NA/Ti, indicating full coverage of FeOOH
nanowires (FEOOH NWs; 40-80 nm in diameters) on the
surface of the Ti plate. Cross-section analysis (Figure 1e)
shows that these nanowires are up to 700 nm in length, highly
oriented, and uniformly aligned in a dense array with little
bending. After phosphidation, the 1D array format remains
intact (Figure 1 f-h). Compared to the FeFOOH NWs, the FeP
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NWs have larger diameters (50-95 nm) but decreased lengths
(up to 600 nm) with a lower aspect ratio. The energy-
dispersive X-ray (EDX) spectrum (Figure S1 in the SI)
indicates a 1:1.08 Fe:P ratio in the FeP NWs, consistent
within experimental error with the expected 1:1 FeP stoichi-
ometry.

Figure 2 a shows transmission electron microscopy (TEM)
images of FeP NWs, further confirming the preservation of
the 1D morphology in the FeOOH precursor® (Figure S2)
after phosphidation. A high-resolution TEM (HRTEM)
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Figure 2. a) TEM image of FeP NWs scraped off the Ti plate.

b) HRTEM image taken from the area marked with a black rectangle in
(a). c) SAED pattern of FeP NWs. d) STEM image and EDX elemental
mapping of Fe and P for FeP NWs.

image of the selected area in Figure 2a shows well-resolved
lattice fringes with interplanar distances of 0.273 and
0.259 nm, which can be indexed to the (011) and (200)
plane of FeP, respectively (Figure 2b). The corresponding
selected-area electron diffraction (SAED) pattern, showing
discrete spots indexed to the (111), (202), (211) and (212)
planes of orthorhombic FeP (Figure 2c),?! indicates that FeP
is polycrystalline. Figure 2d shows the scanning TEM image
(STEM) and EDX elemental mapping images of Fe and P for
FeP NWs, clearly confirming that Fe and P elements are
uniformly distributed throughout the nanowire. It should be
mentioned that the same preparation without using Ti
substrate leads to individual 3-FeOOH NWs and phosphida-
tion produces FeP NWs (Figure S3).

We examined the electrocatalytic HER activity of FeP
NA/Ti (FeP loading: 3.2 mgem 2) in 0.5M H,SO, with a scan
rate of 2mVs™!. Commercial Pt/C (20 wt% Pt/XC-72) and
blank Ti plate were also examined for comparison. Because
as-measured reaction currents do not directly reflect the
intrinsic behavior of catalysts due to the effect of ohmic
resistance, an iR correction was applied to all initial data for
further analysis. Figure 3 a shows the polarization curves. Pt/C
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Figure 3. a) Polarization curves for blank Ti plate, Pt/C, and FeP NA/Ti
in 0.5M H,SO, with a scan rate of 2 mVs™'. b) Tafel plots for FeP NA/
Ti and Pt/C.

exhibits excellent HER activity with a near-zero overpoten-
tial while blank Ti plate shows poor HER activity with an
onset overpotential of 430 mV. In sharp contrast, the FeP NA/
Ti electrode shows a low onset overpotential of 16 mV, and
further negative potential scanning causes a sharp rise of the
cathodic current intensity, suggesting superior catalytic activ-
ity of FeP NA. Furthermore, this electrode only requires
overpotentials of 55, 72, and 127 mV to afford current
densities of 10, 20, and 100 mAcm 2, respectively. These
overpotentials are the lowest among all reported values for
non-noble metal acid-stable HER catalysts including our
recently developed CoP/CC,* CoP/Ti,!®¥ Ni,P/Ti,"*! and
CuyP NWs/CF™! hydrogen evolution cathodes (Table S1).
Figure 3b presents Tafel plots, # vs. log(j), for Pt/C and
FeP NA/Ti. The Tafel slope 30 mV/dec for Pt/C is consistent
with the reported value.'**! FeP NA/Ti exhibits a Tafel slope
of 38 mV/dec in the region 7 =20-40 mV, which is smaller
than for all reported non-noble metal HER catalysts except
NiMoN,/C in acidic media (Table S1). This Tafel slope
indicates that the HER occurs through a Volmer-Heyrovsky
mechanism and electrochemical recombination with an addi-
tional proton is the rate-limiting step.' It should be
mentioned that the exchange current density of FeP NA/Ti
was determined to be 0.42 mAcm~ by applying an extrap-
olation method to the Tafel plot (Figure S4), which is the
largest value for all non-Pt HER catalysts listed in Table S1.
Note that FeP NWs obtained without the presence of Ti
plate can be subsequently immobilized on Ti plate using
nafion as binder (FeP NW/Ti, FeP loading: 3.2 mgem™).
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However, in order to attain a current density of 2 mA cm 2,

this electrode requires an overpotential of 225 mV (Fig-
ure S5a), much larger than the value (26 mV) for FeP NA/Ti.
The superior catalytic activity of FeP NA/Ti can be attributed
to the following five reasons: 1) The direct growth of FeP on
Ti plate ensures intimate contact, good mechanical adhesion
and excellent electrical connection between FeP and Ti,
leading to an enhanced electron flow from Ti to FeP during
cathodic scanning. 2) Transition metal phosphides, as an
important class of compounds formed by the alloying of
metals and phosphorus, possess high electrical conductiv-
ity;?" this property greatly benefits the electrochemical
performance of catalysts and favors fast electron transport
along FeP. 3) The 1D array is capable of vectorial electron
transport®™ and the open spaces between the nanowires allow
for enhanced diffusion of electrolyte and more efficient
utilization of active sites." 4) The high FeP loading leads to
improved catalytic efficiency.'* 5) The binder-free feature
of FeP NA/Ti not only leads to improved conductivity,®! but
effectively avoids blocking of active sites and the inhibition of
diffusion.” Indeed, electrochemical impedance analysis
shows that FeP NA/Ti has much lower impedance and thus
markedly faster HER kinetics than FeP NW/Ti,*" as shown in
Figure S5b.

We have further investigated the stability of FeP NA/Ti
during long-term cycling and continuous HER at a static
potential in 0.5mM H,SO,. After 1000 continuous cyclic
voltammetric (CV) cycles between +0.28 and —0.17 V vs.
RHE with a scan rate of 100 mVs™, the overpotential
required to afford a current density of 100 mA cm? increased
by less than 36 mV (Figure 4), much lower than the reported
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Figure 4. Polarization curves for FeP NA/Ti in 0.5 M H,SO, initially and
after 1000, 2000, and 3000 cycles at a scan rate of 100 mVs™' between
+0.28 and —0.17 V (inset: plot of overpotential vs. time for FeP NA/Ti
electrode at a constant cathodic current density of 90 mAcm™).

50 mV for Ni,P hollow nanoparticles deposited on Ti plate
after 500 CV sweeps.l'* After 2000 and 3000 CV sweeps, the
overpotential required increased by 63 mV. SEM observa-
tions demonstrate that the FeP NA/Ti preserves its 3D
configuration and morphological integrity after CV cycling
(Figure S6a—). A close TEM examination revealed that the
FeP surface became much rougher (Figure S6d) but retained
FeP in composition and structure (Figure S6e and f), suggest-
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ing the occurrence of some corrosion.'¥ Figure 4 inset shows
galvanostatic measurements at a current density of
90 mA cm 2 in 0.5M H,SO,, suggesting that the overpotential
increases by less than 45mV over 15h of continuous
operation. These results demonstrate good acidic stability of
the FeP NA/Ti electrode. In addition, the Faradaic efficiency
(FE) for hydrogen evolution of this electrode was determined
to be nearly 100% in acidic electrolytes by using a method
reported elsewherel!®-¢141516] (Figyre §7).

Figure S8 shows the X-ray photoelectron spectroscopy
(XPS) 2p spectra in the Fe(2ps;,) and P(2p) regions for FeP
NA/Ti. The peaks for the binding energy (BE) of Fe 2p;,
appear at 707.1 and 710.5eV. The high-resolution P(2p)
region shows two peaks at 130.2 and 129.3 eV reflecting the
BE of P 2p,,, and P 2p;,, respectively, along with one peak at
133.4 eV. The peaks at 707.1 and 129.3 eV are close to the BE
for Fe and P in FeP.*™ The peaks at 710.5 and 133.4 eV can be
assigned to oxidized Fe and P species arising from superficial
oxidation of FeP exposed to air.’®! Note that the FeOOH
precursor shows a Fe 2ps, peak at 711.4 eV (Figure S9), which
is consistent with previous report®™! and deviated from the BE
(710.5 eV) of Fe 2p;, for oxidized Fe species in FeP. The XPS
depth profiling analysis (Figure S10) indicates that the change
of content of both Fe and P elements from the FeP NWs is
very small during Ar" etching, suggesting homogeneous
distribution of both elements inside the nanowire® and
complete chemical conversion of FeOOH into FeP. The Fe 2p
BE of 707.1 eV is positively shifted from that of metallic Fe
(706.8 eV)*! while the P 2p BE of 129.3 eV shows negative
shift from that of elemental P (130.2 e V), suggesting Fe and
P in FeP NWs carry partial positive charge (%) and negative
charge (07), respectively. The results imply the occurrence of
electron transfer from Fe to P in FeP3** which is
consistent with our previous observations for CoP, Cu;P and
MoP.3*-¢13.1%] The active sites in hydrogenase feature pend-
ant bases proximate to the metal centers®” and metal
complex HER catalysts also incorporate proton relays from
pendant acid/base groups positioned close to the metal center
where hydrogen evolution occurs.** In our present study, FeP
also features pendant base P (67) positioned close to metal
center Fe (0%), and therefore, we may suggest that both Fe
center and the pendant base P are the active sites for the
hydrogen evolution. The Fe and P act as the hydride acceptor
and proton acceptor center, respectively, facilitating the
HER.'"““*] Fyrther, P could facilitate the formation of Fe-
hydride for subsequent hydrogen evolution via electrochem-
ical desorption.™

In conclusion, an FeP nanowire array was prepared on Ti
plate through low-temperature phosphidation of a f-FeOOH
NA/Ti precursor. The resulting FeP NA/Ti 3D hydrogen
evolution cathode exhibits exceptionally high catalytic activ-
ity and good stability in acidic electrolytes. The wide
availability of Fe, its easy low-cost and scalable fabrication
process, and the high catalytic activity promise its use as an
integrated 3D cathode with highest performance—price ratio
in electrochemical water splitting for large-scale hydrogen
fuel production.™
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