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ABSTRACT: Developing non-noble-metal hydrogen evolution reaction electro-
catalysts with high activity is critical for future renewable energy systems. The
direct growth of active phases on current collectors not only eliminates using
polymer binder but also offers time-saving preparation of electrode. In this
Letter, we develop self-supported FeP nanorod arrays on carbon cloth (FeP
NAs/CC) via low-temperature phosphidation of its Fe2O3 NAs/CC. As a novel
3D hydrogen evolution cathode in acidic media, the FeP NAs/CC exhibits high
catalytic activity and only needs an overpotential of 58 mV to afford current
density of 10 mA/cm2. This electrode also works efficiently in both neutral and
alkaline solutions.
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The rapid depletion of fossil fuels and increased environ-
mental concerns has caused an urgent demand for

searching clean and sustainable alternative energy sources.1,2

Hydrogen is an abundant and renewable clean chemical fuel to
replace fossil fuels in the future.3−5 Splitting water offers one
simple way to produce hydrogen but needs an efficient
electrocatalyst for the hydrogen evolution reaction (HER) to
afford high current at low overpotential.6 The best HER
catalysts currently consist of Pt or Pt-based materials with
negligible overpotentials and excellent kinetics for driving the
HER,7,8 but such catalysts suffer from high cost. Water
electrolysis based on proton exchange membrane (PEM)
technology operates under strongly acidic conditions.9

Although abundant nickel-based alloys have been widely used
commercially as HER catalysts,10,11 they cannot operate in
strongly acidic media. These limitations have motivated great
research effort to develop acid-stable non-noble-metal HER
catalysts, and significant recent progress has been made toward
this direction in past years. Among such catalysts, Mo-based
compounds have received intensive attention with great
success, including MoS2,

12−15 MoSe,16 MoB,17 Mo2C,
17−19

NiMoNx,
20 Co0.6Mo1.4N2,

21 among others.
Transition metal phosphides (TMPs) have good electrical

conductivity and have been widely used as catalysts for
hydrodesulfurization (HDS) and hydrodenitrogenation
(HDN) as well as anode materials for Li-ion batteries
(LIBs).22,23 Recent studies have shown that TMPs are active
toward hydrogen evolution in acidic electrolytes, including
Ni2P,

24−26 CoP,27−39 Cu3P,
30 MoP,31−33 WP,34 and FeP

nanosheets35. This FeP catalyst, however, needs a large

overpotential (η) of ∼240 mV to afford a current density of
10 mA/cm2 and requires using several organic solvents and
multiple tedious time-consuming steps for preparation.35

Electrochemical tests require effective immobilization of
electrocatalysts on conductive substrates as current collectors
with the use of a polymer binder as a film-forming agent. The
polymer binder, however, increases the series resistance36 and
may block active sites and inhibit diffusion, leading to reduced
catalytic activity.37 Such issues can be solved by directly
growing the active phases on conductive substrates as the
current collectors.26,29,30 Iron is the cheapest and one of the
most abundant of all transition metals, whereas carbon is the
most abundant element on earth. The combination of Fe-based
active phases and carbon support will offer us the most cost-
effective HER catalysts. In this Letter, we report the growth of
FeP nanorod arrays on carbon cloth (FeP NAs/CC) via low-
temperature phosphidation of their Fe2O3 NAs/CC precursor.
When used as a binder-free 3D hydrogen evolution cathode in
acidic media, the FeP NAs/CC exhibits high catalytic activity
and good durability with a small onset overpotential of 20 mV,
a low Tafel slope of 45 mV/dec, a large exchange current
density of 0.50 mA/cm2, and nearly 100% Faradaic efficiency. It
needs overpotentials of 58 mV to achieve current density of 10
mA/cm2. This electrode is also able to perform efficiently in
both neutral and alkaline electrolytes.
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Figure S1 shows the X-ray diffraction (XRD) patterns of
Fe2O3 precursor and FeP scratched from CC. The precursor
shows peaks at 33.2°, 35.7°, 40.9°,49.5°, 54.1°, 62.6°, and 64.1°
indexed to (104), (110), (113), (024), (116), (214), and (300)
planes of Fe2O3, respectively (JCPDS No. 84-0306). The
phosphided product shows diffraction peaks at 32.8°, 37.2°,
46.4°, 47.0°, 48.4°, 50.5°, 56.1°, and 59.6° indexed to (011),
(111), (112), (202), (211), (103), (212), and (020) planes of
FeP, respectively (JCPDS No. 78-1443). The energy dispersive
X-ray (EDX) spectrum shows nearly 1:1 atomic ratio of Fe/P
(Figure S2).The exact Fe/P atomic ratio for this catalyst was
further determined to be 1:1.09 by inductively coupled plasma
mass spectrometry (ICP-MS) analysis. The low-magnification
scanning electron microscopy (SEM) image shows that CC was
full covered with Fe2O3 structures (Figure 1a). The high-

magnification SEM image (Figure 1a inset) further reveals that
these Fe2O3 structures are aligned nanorod arrays. After
phosphidation, the morphology of such nanorod arrays was
well maintained (Figure 1b). The transmission electron
microscopy (TEM) image (Figure 1c) also confirms the
nanorod nature of the phosphided product. The high-
resolution TEM (HRTEM) image (Figure 1d) shows well-
resolved lattice fringes with an interplanar distance of 0.27 nm
corresponding to the (011) plane of FeP. The selected area
electron diffraction (SAED) pattern (Figure 1e) shows discrete
spots indexed to the (011), (002), (201), and (211) planes of
orthorhombic FeP structure. The scanning TEM (STEM)
image and the corresponding EDX elemental mapping images
of C, P, and Fe for FeP NAs/CC reveal that both P and Fe

elements are uniformly distributed throughout FeP NAs/CC
(Figure 1f). All these results strongly verify the successful
chemical conversion of Fe2O3 NAs/CC into FeP NAs/CC via
the low-temperature phosphidation. The same preparation
without using CC, however, only leads to Fe2O3 microparticles
(Fe2O3 MPs) consisting of nanorods and the following
phosphidation produces FeP microparticles (FeP MPs), as
shown in Figure S3 and S4.
The activity of FeP NAs/CC (FeP loading: ∼1.5 mg/cm2)

was studied in a typical three-electrode setup with 0.5 M H2SO4
electrolyte. Blank CC and commercial Pt/C (20 wt % Pt/XC-
72) were also tested for comparison. A resistance test was
made, and an iR correction was applied to all initial data for
further analysis. Figure 2a shows the polarization curves. The

Pt/C catalyst exhibits expected HER activity with a near zero
overpotential while blank CC shows very poor HER activity.
The FeP NAs/CC is highly active toward the HER with an
onset overpotential of 20 mV and only needs overpotential of
58 mV to afford current density of 10 mA/cm2. This
overpotential compares favorably to the behaviors of FeP
nanosheets35 and other reported non-noble-metal HER
catalysts in acidic solutions (Table S1). Compared to the
recently reported FeP array on a Ti plate, FeP NAs/CC shows
comparable38 or even superior39 catalytic activity and the

Figure 1. SEM images of (a) Fe2O3 NAs/CC and (b) FeP NAs/CC.
(c) TEM and (d) HRTEM images of FeP nanorods. (e) SAED pattern
recorded from the FeP nanorod. (f) STEM image and EDX elemental
mapping of C, P, and Fe for the FeP NAs/CC.

Figure 2. (a) Polarization curves for Pt/C, FeP NAs/CC, and CC in
0.5 M H2SO4 solution with a scan rate of 2 mV/s. (b) Tafel plots for
Pt/C and FeP NAs/CC.
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excellent flexibilility of CC also facilitates easier integration of
this electrode into devices for applications.
Figure 2b shows the Tafel plots for Pt/C and FeP NAs/CC.

The curves in the low current density region show Tafel slopes
of 30 and 45 mV/dec for Pt/C and FeP NAs/CC, respectively.
This Tafel slope for FeP NAs/CC reveals the HER may
proceed via a Volmer−Heyrovsky mechanism.40,41 The
exchange current density (j0) of FeP NAs/CC was calculated
to be 0.50 mA/cm2 by applying the extrapolation method to
the Tafel plot, much higher than those of FeP MPs/CC (0.03
mA/cm2) (Figure S5) and other Pt-free HER catalysts listed in
Table S1.
FeP MPs coated on CC (FeP MPs/CC) using nafion is also

electroactive toward the HER (FeP loading: 1.5 mg/cm2,
Figure S6). Compared to FeP NAs/CC, this electrode shows
much larger onset overpotential of 130 mV and affords current
density of 5 mA/cm2 at η = 163 mV, implying much superior
catalytic activity of FeP NAs/CC. Electrochemical impedance
spectroscopy analysis shows FeP NAs/CC has much lower
impedance and thus markedly faster HER kinetics than FeP
MPs/CC (Figure S7). The capacitances of the double layer at
the solid/liquid interface of FeP NAs/CC and FeP MPs/CC
were measured to be 60 and 0.32 mF/cm2, respectively (Figure
S8), implying much higher surface roughness and surface area
of FeP NAs/CC.30 Both the better electrical connection
between FeP NAs and CC and the higher surface area of FeP
NAs/CC contribute to its superior catalytic activity.
We probed the durability for FeP NAs/CC by continuous

cyclic voltammetric sweeps in 0.5 M H2SO4 solution +0.20 to
−0.20 V vs RHE at a scan rate of 100 mV/s. The polarization
curve shows a decay after the first 1000 cycles but retains stable
catalytic activity after the 2000th and 5000th cycles (Figure 3).

The durability of FeP NAs/CC was further tested by
electrolysis at a fixed overpotential of 150 mV. The current
density decreases from an initial value of 87 mA/cm2 but
remains at about 71 mA/cm2 at the end of electrolysis for 20 h
(Figure 3 inset). These observations suggest good electro-
chemical stability of this electrode. ICP-MS analysis of the
electrolyte solution after stability test shows the presence of Fe.

Such Fe species might come from corrosion or detachment of
FeP from CC during electrolysis.25 The Faradaic efficiency of
this electrode for hydrogen evolution was determined to be
close to 100% using a previously reported method,28−31 as
shown in Figure S9.
It should be pointed out that the FeP NAs/CC also performs

well in both neutral and alkaline solutions. This electrode
exhibits an onset overpotential of 112 mV and a Tafel slope of
71 mV/dec in 1 M phosphate buffer solution (PBS, pH = 7), as
shown in Figure 4a. It shows onset overpotential of 86 mV and

a Tafel slope of 146 mV/dec in 1 M KOH (Figure 4b).
Furthermore, to afford current density of 10 mA/cm2, it only
needs overpotentials of 202 and 218 mV in PBS and KOH,
respectively. These overpotentials compare favorably to the
behaviors of most reported non-noble-metal HER catalysts in
neutral or alkaline media (Table S2 and S3).
Figure S10 shows the X-ray photoelectron spectroscopy

(XPS) spectra in the Fe(2p) and P(2p) regions for FeP NAs/
CC. The peaks for the binding energy (BE) of Fe 2p3/2 appear
at 707.5 and 712 eV, whereas the peak for the BE of Fe 2p1/2
appears at 720.4 eV. The high-resolution P(2p) region shows
two peaks at 130.3 and 129.7 eV, reflecting the BE of P 2p1/2
and P 2p3/2, respectively, along with one peak at 133.9 eV. The

Figure 3. Stability of FeP NAs/CC with an initial polarization curve
and after 1000, 2000, and 5000 cycles at a scan rate of 100 mV/s
between +0.20 and −0.20 V in 0.5 M H2SO4 (inset: time-dependent
catalytic current density curve during electrolysis for FeP NAs/CC in
0.5 M H2SO4 at η = 150 mV).

Figure 4. Polarization curve and Tafel slope for FeP NAs/CC in (a) 1
M PBS and (b) 1 M KOH.
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peaks at 707.5 and 129.7 eV are close to the BE for Fe and P in
FeP.42 The peaks at 712 and 133.9 eV can be assigned to
oxidized Fe and P species arising from superficial oxidation of
FeP exposed to air.43 The Fe 2p BE of 707.5 eV is positively
shifted from that of metallic Fe (706.8 eV), although the P 2p
BE of 129.7 eV shows negative shift from that of elemental P
(130.2 eV).44,45 It suggests that Fe and P in FeP carries a partial
positive and negative charge (δ−), respectively, due to the
occurrence of electron transfer from Fe to P.42,43,46 Metal
complex HER catalysts incorporate proton relays from pendant
acid−base groups positioned close to the metal center where
hydrogen evolution occurs.47,48 Like recently developed Ni2P,

26

CoP,28,29 Cu3P,
30 and MoP31 HER catalysts, FeP also features

pendant base P (δ−) positioned close to the metal center Fe
(δ+). It is believed that both Fe center and the pendant base P
are the active sites for the hydrogen evolution. The Fe and P
function as the hydride-acceptor and proton-acceptor center,
respectively, facilitating the HER.24,49 Note that this FeP
catalyst shows similar numeric area of P(2p) region before
(18530 CPS·eV) and after (17650 CPS·eV) electrolysis (Figure
S11), implying the form of active catalyst is not changed by
electrochemical experiments.
In conclusion, FeP nanorod arrays have been developed on

carbon cloth for the first time through low-temperature
phosphidation reaction. This FeP NAs/CC, as a binder-free
3D hydrogen evolution cathode, exhibits high catalytic activity
and good stability in acidic media. It is also highly active in both
neutral and alkaline solutions. Future work will focus on
improving its long-term electrochemical stability to meet
practical requirements in industrial and commercial operations.
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