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ABSTRACT: In this Letter, we demonstrate the direct growth of FeP
nanoparticles film on carbon cloth (FeP/CC) through low-temperature
phosphidation of its Fe3O4/CC precursor. Remarkably, when used as an
integrated 3D hydrogen evolution cathode, this FeP/CC electrode
exhibits ultrahigh catalytic activity comparable to commercial Pt/C and
good stability in acidic media. This electrode also performs well in neutral
solutions. This work offers us the most cost-effective and active 3D
cathode toward electrochemical water splitting for large-scale hydrogen
fuel production.
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Hydrogen is an ideal clean and renewable energy carrier
and is considered as one promising alternative to fossil

fuels.1 Efficient hydrogen generation by water splitting requires
advanced electrocatalysts.2 Pt-group metals are the most
effective HER catalysts but suffer from high cost. Proton
exchange membrane technology-based water electrolysis units
need catalysts working under strongly acidic conditions.3 These
have stimulated considerable research into exploring acid-stable
nonprecious metal alternatives made of earth-abundance
elements. Among such catalysts, Mo-based compounds are a
big family with great success, including sulfides, selenides,
carbides, borides, nitrides,4−6 etc. Microbial electrolysis cell,
however, needs catalysts active at neutral pH.7 It is thus highly
desired to develop HER catalysts working efficiently in both
acidic and neutral solutions but remains challenging.8

Transition metal phosphides are an important class of
compounds with good electrical conductivity, and they have
been widely used as catalysts for hydrodesulfurization and
hydrodenitrogenation reactions as well as anode materials for
Li-ion batteries.9 Transition metal phosphides are recently
emerged as an interesting new class of catalysts for the HER.
Schaak and co-workers have developed Ni2P and CoP hollow
nanoparticles as efficient HER catalysts in acidic media, but
several organic solvents are involved for catalyst preparation.10

We have developed a facile strategy for preparing CoP
nanocrystals decorated carbon nanotube nanohybrid (CoP/
CNT) as a highly active acid-stable HER catalyst through low-
temperature phosphidation of its Co3O4/CNT precursor.11 All
these catalysts are usually required to be effectively immobilized

on current collectors using a polymer binder prior to
electrochemical tests. The polymer binder, however, generally
increases the series resistance12 and may block active sites and
inhibit diffusion, leading to reduced catalytic activity.13 These
issues can be solved by directly growing the active phases on
current collectors.8,14,15

Iron is the cheapest and one of the most abundant of all
transition metals while carbon is the most abundant element in
the world. Xu et al. have developed FeP nanosheets as a HER
catalyst in acidic solutions, but this catalyst needs a large
overpotential (η) of ∼240 mV to afford current density of 10
mA cm−2 and still suffers from the use of several organic
solvents for preparation.16 Following our recently developed
low-temperature phosphidation method, Zhang et al. have
developed FeP nanoparticles grown on graphene sheet (FeP-
GS) from its Fe3O4-GS precursor and this catalyst needs
overpotential of 123 mV to drive current density of 10 mA
cm−2.17 One-dimensional (1D) FeP arrays have also been
developed on Ti plate as an efficient hydrogen evolution
cathode.18 A rough estimation of the cost for producing FeP
was listed in Table S1 in the Supporting Information. Carbon
cloth (CC) is a cheap textile with high conductivity and
excellent flexibilility and strength19 and the use of CC as
support for catalysts also facilitates easier integration of the
electrode into devices for applications. In this Letter, we report
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that FeP nanoparticles film directly grown on CC (FeP/CC)
can function as an ultrahighly active 3D hydrogen evolution
cathode with catalytic power superior to previous FeP
catalysts16−18 and comparable to commercial Pt/C as well as
good durability in acidic media. This electrode exhibits a low
onset overpotential of 19 mV, a small Tafel slope of 32 mV
dec−1, and nearly 100% Faradaic efficiency (FE). It exhibits a
large exchange current density of 0.59 mA cm−2 and can afford
current densities of 20 and 100 mA cm−2 at overpotentials of
54 and 108 mV, respectively. It also works well under neutral
conditions.
Figure 1a shows the X-ray diffraction (XRD) patterns for the

precursor and its phosphided product scratched down from
CC. The precursor shows diffraction peaks characteristic of
Fe3O4 (JCPDS No. 65−3107) while only peaks corresponding
to FeP phase (JCPDS No. 65−2595) occur for the phosphided
product, confirming successful conversion of Fe3O4 into FeP
after the low-temperature phosphidation reaction. The
scanning electron microscopy (SEM) images of Fe3O4/CC
precursor (see Figure S1 in the Supporting Information) show
that the surface of CC is covered by continuous film of dense
Fe3O4 nanoparticles having diameters of several tens of

nanometers. After phosphidation, the integrated feature of the
resulting FeP nanoparticles film and CC is still preserved
(Figure 1b, c). The energy-dispersive X-ray (EDX) spectrum
(see Figure S2 in the Supporting Information) shows that the
atomic ratio of Fe/P is close to 1:1. The high-resolution
transmission electron microscopy (HRTEM) image of the FeP
nanoparticles reveals well-resolved lattice fringes with an
interplanar distance of 0.27 nm corresponding to the (011)
plane of FeP,20 as shown in Figure 1d. The selected area
electron diffraction (SAED) pattern (Figure 1e) shows
diffraction rings with d values of 2.896, 2.729, 2.415, 1.880,
1.809, and 1.547 Å indexed to the (002), (011), (111), (211),
(103), and (203) planes of FeP structure, respectively. The
scanning TEM (STEM) image and corresponding EDX
elemental mapping of C, Fe, and P for the FeP/CC (Figure
1f) further suggest the uniform distribution of both Fe and P
elements in the FeP nanoparticles film grown on CC. All these
experimental observations clearly confirm the formation of
FeP/CC derived from Fe3O4/CC. It should be pointed out that
the same preparation with the use of rigid graphite rod (GR) as
support leads to crack-rich Fe3O4 and FeP nanoparticles films
(Fe3O4/GR and FeP/GR), as shown in Figure S3 in the

Figure 1. (a) XRD patterns for Fe3O4 and FeP. (b) Low- and (c) high-magnification SEM images of FeP/CC. (d) HRTEM image and (e) SAED
pattern of FeP nanoparticles. (f) STEM image and EDX elemental mapping of C, Fe, and P for the FeP/CC.
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Supporting Information. It suggests flexible support may favor
the growth of continuous nanoparticles film, which may be
attributed to that the highly textured surface of the carbon fiber
facilitates the nucleation and growth of the catalyst layer with
strong mechanical interaction.21

The electrocatalytic activity of FeP/CC (FeP loading: 4.2 mg
cm−2) was evaluated in 0.5 M H2SO4. For comparison study,
we also tested blank CC and GR, FeP/GR (FeP loading: 4.1
mg cm−2) and commercial Pt/C (20 wt % Pt/XC-72) loaded
on CC (loading: 3.7 mg cm−2). A resistance test was made and
iR correction was applied to all electrochemical measurements
(see Figure S4 in the Supporting Information). Five individual
FeP/CC electrodes were tested and each electrode was
measured three times and all results are quite reproducible.
Figure 2a shows the polarization curves. Blank CC and GR

show negligible HER activities in the measurement voltage
range. In contrast, the FeP/CC electrode shows a small onset
overpotential of 19 mV, very close to the thermodynamic
potential of HER (0 V) and much smaller than that of the FeP/
GR electrode (135 mV). Moreover, this electrode affords
current densities of 20 and 100 mA cm−2 at overpotentials of
54 and 108 mV, respectively. These overpotentials compare
favorably to the behaviors of other FeP catalysts16−18 and are
almost comparable to the values needed by Pt/C.
FeP/GR shows a large Tafel slope of 80 mV dec−1 while

FeP/CC gives a Tafel slope as low as 32 mV dec−1 (Figure 2b),
suggesting superior catalytic activity of FeP/CC over FeP/GR.
Obviously, the HER occurs on FeP/CC through a Volmer−
Tafel mechanism with the Tafel reaction as the rate-
determining step, which is similar to the HER mechanism on
Pt (Tafel slope = 30 mV dec−1).22 Overall, the unexpectedly
high catalytic activity and low price of the FeP/CC make it a

promising hydrogen evolution cathode with highest perform-
ance-price ratio for large-scale electrochemical hydrogen
production in acidic water (see Table S2 in the Supporting
Information). Note that the evolved hydrogen gas as tiny
bubbles efficiently escapes from the electrolyte at the electrode
(see Movie S1 in the Supporting Information), which
suppresses the loss in available surface area blocked by
hydrogen and is a desired property for practical application.
The exchange current density (j0) of FeP/CC was calculated to
be ∼0.59 mA cm−2 by extrapolating the Tafel plot (see Figure
S5 in the Supporting Information), which is 16 times of that for
FeP/GR (∼0.037 mA cm−2) and the largest among the non-Pt
catalysts listed in Table S2 in the Supporting Information.
The much superior catalytic activity of FeP/CC to FeP/GR

can be rationally explained as follows. (1) The use of flexible
conductive CC as substrate favors the formation of compact
continuous film of FeP nanoparticles. It ensures intimate
contact, good mechanical adhesion and excellent electrical
connection among neighboring FeP as well as between FeP and
CC, leading to enhanced electrons flowing from CC to FeP and
through the whole nanoparticles film. (2) Electrochemical
impedance spectroscopy analysis (see Figure S4 in the
Supporting Information) shows that FeP/CC exhibits lower
impedance and thus markedly faster HER kinetics than FeP/
GR.23 It is also worth mentioning that the FeP/CC exhibits
much higher catalytic activity than previously reported FeP-GS
catalyst.17 It can be attributed to that the absence of polymer
binder for FeP/CC not only leads to improved conductivity
(see Figure S4 in the Supporting Information), but effectively
avoids the block of active sites and the inhibition of diffusion.13

We performed accelerated degradation studies to probe the
stability of the FeP/CC during repeated cycling in acidic
environments. As shown in Figure 3a, the polarization curve
shows a slight decay after the first 2000 cycles but remains
unchanged until 5000 cycles in 0.5 M H2SO4 at a scan rate of
100 mV s−1. The durability of the Pt/C/CC during repeated
cycling in acidic environments was also investigated (Figure 3a
inset). The polarization curve shows a larger decay after the
first 2000 cycles compared with that of FeP/CC, and exhibits
further decay in the following 3000 cycles. The interior
durability of Pt/C/CC can be attributed to the weak
mechanical adhesion between the Pt/C and CC, leading to
the falling of some Pt/C nanoparticles from CC during the
collapse of bubbles. The durability of FeP/CC was further
measured by galvanostatic measurements at a cathodic current
density of 50 mA cm−2 (Figure 3b). Negligible change in
potential over 60 h of continuous operation was observed. Note
that the FeP/CC exhibits superior durability over polypyrrole/
MoSx (PPy/MoSx), which is the only previously reported Pt-
free HER catalyst with performance comparable to commercial
Pt/C.22 Our FeP/CC has an additional advantage to PPy/MoSx
in that it is much more cost-effective. Thus, FeP/CC holds
greater application potential than PPy/MoSx. We also
determined the Faradaic efficiency (FE) of the FeP/CC
electrode for hydrogen evolution at pH 0 according to
previously reported method.8,11,14,15,18 The agreement of the
amount of experimentally quantified hydrogen with theoret-
ically calculated hydrogen (assuming 100% FE) suggests that
the FE is close to 100%, as shown in Figure 3c.
Notably, the FeP/CC electrode also works efficiently in

neutral solutions. Figure 4a shows the polarization curves for
FeP/CC before and after 1000 CV cycles at a scan rate of 2
mV/s in 1.0 M phosphate buffer solution (PBS, pH 7),

Figure 2. (a) Polarization curves of blank CC and GR, FeP/CC, FeP/
GR, and Pt/C in 0.5 M H2SO4 at a scan rate of 2 mV/s. (b) Tafel plots
for FeP/CC, FeP/GR, and Pt/C.
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suggesting an onset overpotential of 46 mV and no measurable
loss of catalytic activity. It shows a Tafel slope of 70 mV dec−1

(Figure 4b). To afford current density of 2 mA cm−2, it needs
an overpotential of 60 mV, which is the lowest among the
values required by other non-noble metal HER catalysts in
neutral solutions (see Table S3 in the Supporting Information).
Galvanostatic measurement at a cathodic current density of 20
mA cm−2 was carried out for 22 h to evaluate the durability of
FeP/CC under neutral conditions. As shown in Figure 4c, FeP/
CC well-retains its HER activity and only exhibits a 40 mV
decay in potential. We further measured the concentration of
iron ions by ICP-MS in the electrolyte after electrolysis. It
suggests that about 1.2% of the FeP catalyst was potentially

removed from CC, suggesting the occurrence of some
corrosion. In addition, this electrode also shows nearly 100%
FE for hydrogen evolution at pH 7 (Figure 4d).
Figure S6a and S6b in the Supporting Information show the

X-ray photoelectron spectroscopy (XPS) spectra of the Fe 2p
and P 2p regions for FeP nanoparticles. The Fe 2p3/2 peaks
appear at 707.7 and 712.0 eV and the Fe 2p1/2 peak appears at
720.2 eV. The high-resolution P(2p) region shows two peaks at
130.3 and 129.6 eV corresponding to P 2p1/2 and P 2p3/2,
respectively, along with one peak at 134.2 eV. The peaks at
707.7 and 129.6 eV are close to the binding energies (BEs) for
Fe and P in FeP.24 The peaks at 720.2 and 134.2 eV can be
assigned to oxidized Fe and P species stemming from superficial
oxidation caused by exposure to air.25 The existence of oxygen
can be confirmed by the survey spectrum (see Figure S6c in the
Supporting Information) and EDX spectrum (see Figure S2 in
the Supporting Information). The Fe 2p BE (707.7 eV) is
positively shifted from that of metallic Fe (706.8 eV) while the
P 2p BE (129.6 eV) is negatively shifted from that of elemental
P (130.2 eV).25 It suggests that Fe and P in FeP carries a partial
positive (δ+) and negative (δ−) charge, respectively,26 which
results from electron transfer from Fe to P.24,25 Our recent
work also demonstrate that CoP,8,11 Cu3P,

14 Ni2P,
15 and

MoP27 as efficient HER catalysts feature pendant base P
positioned close to the metal center. The active sites for
hydrogenase also feature pendant bases proximate to the metal
centers28 and metal complex HER catalysts incorporate proton
relays from pendant acid−base groups positioned close to the
metal center where hydrogen evolution occurs.29 It is believed
that the Fe and P in FeP act as the hydride-acceptor and
proton-acceptor center, respectively, which facilitates the HER.9

In addition, the P could also facilitate the formation of Fe-
hydride for subsequent hydrogen evolution via electrochemical
desorption.30

In summary, our current work presents the first artificial Fe-
based hydrogen evolution cathode with high activity com-
parable to that of commercial Pt/C and good durability in

Figure 3. (a) Polarization curves for FeP/CC in 0.5 M H2SO4 initially and after 2000 and 5000 CV scans between +0.1 and −0.3 V vs RHE. Inset:
Polarization curves for Pt/C/CC in 0.5 M H2SO4 initially and after 2000 and 5000 CV scans between +0.1 and −0.3 V vs RHE. (b) Time-dependent
potential curve for FeP/CC under a constant cathodic current density of 50 mA cm−2 for 60 h. (c) Amount of H2 theoretically calculated (red) and
experimentally measured (black) versus time for FeP/CC in 0.5 M H2SO4.

Figure 4. (a) Polarization curves for FeP/CC and Pt/C in 1.0 M PBS
(pH 7) with a scan rate of 2 mV/s. (b) Tafel plot for FeP/CC. (c)
Time-dependent potential curve for FeP/CC under a constant
cathodic current density of 20 mA cm−2 for 22 h. (d) Amount of
H2 theoretically calculated (red) and experimentally measured (black)
versus time for FeP/CC in 1.0 M PBS.
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strongly acidic media. This electrode also works well at neutral
pH. The wide availability of Fe and carbon, the easy low-cost
and scalable fabrication process and the high catalytic activity of
this FeP/CC electrode place it as the most cost-effective and
active 3D cathode toward electrochemical water splitting for
large-scale hydrogen fuel production.
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