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Synthesis of efficient iron phosphide catalyst for electrocatalytic hydrogen generation
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A solvothermal synthesis of iron phosphide electrocatalysts using triphenylphosphine (TPP) as phosphorus precursor
is presented. The synthetic protocol generates Fe;P/FeP phase at 350°C. After deposition of the catalyst onto graphite
substrate heat-treatment at higher temperature was carried out. Annealing at 500°C under reductive atmosphere induced
structural changes in the Fe,P/FeP samples which yielded a pure Fe,P phase. The electrocatalytic activity of the Fe,P
catalyst was studied for hydrogen evolution reaction (HER) in 0.5 M H,SO.. The recorded overpotential for HER was

about 130 mV vs. a reversible hydrogen electrode (RHE) at 10 mA cm™2.
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INTRODUCTION

It has been demonstrated that transition metal
phosphides (TMPs) such as iron phosphides [1, 2],

cobalt phosphides [3], nickel phosphides [4],
molybdenum  phosphides [5], and tungsten
phosphides [6], among others, are efficient
electrocatalysts for hydrogen evolution reaction
(HER). TMPs are considered as alternative catalysts
to platinum group metals because of their
abundance, low cost, and high catalytic activity [7].
Usually, traditional methods, such as chemical vapor
deposition  (CVD),  temperature-programmed
reduction (TRP), or solvothermal synthesis, are used
to synthesize TMPs [8, 9]. In CVD, volatile
precursors decompose on a heated substrate and give
the corresponding class of materials like TMPs. The
TRP approach is based on the reduction of metal
phosphates using hydrogen gas. However, both
CVD and TRP have limitations because these
require expensive equipment [10] and high
temperatures (~600 — 900°C) during the reaction
process. The solvothermal technique is a preferred
way for preparation of TMPs at low temperatures
based on the reaction of a metal precursor with
phosphorus (P)-containing reagents [9] such as
trioctylphosphine (TOP), red phosphorus [11],
tributyl phosphine (TBP) [12], tri-n-octylphosphine
oxide (TOPO) [13], and tris(diethylamino)
phosphine (TEAP) [12]. Among these P-precursors,
TOP was the most studied for the synthesis of iron
phosphides (Fe;P and FeP) [14, 15], cobalt
phosphide (CoP) [3], nickel phosphide (Ni.P) [16],
molybdenum phosphide (MoP) [17], tungsten
phosphide (WP) [6], etc.
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However, TOP and most of the cited above
precursors are expensive, toxic, and unstable in air.
To overcome these limitations, triphenylphosphine
(TPP) and triphenyl phosphite (TPOP) were
introduced in the synthesis of TMPs [18]. TPP
possesses moderate stability against oxidation in air
and has been used for synthesis of TMPs in
Ullmann-type reactions with ferrocene in vacuum-
sealed tubes [19] or open-tube furnaces in an inert
atmosphere at 350 to 400°C [20]. The application of
TPP in solvothermal synthesis of TMPs was
demonstrated for cobalt phosphide (Co2P) NPs [21],
nickel phosphide (NixPy) NPs [22] and for Fe;P and
FeP NPs in our previous study [23]. However, little
is known about the preparation of mixed Fe,P/FeP
phases using TPP precursor and their use in HER
studies.

Herein, we report the solvothermal synthesis of
iron phosphide microspheres (MS) using a TPP
precursor. At the conditions applied the synthesis
procedure generated Fe,P/FeP MS. With the goal to
test the obtained Fe,P/FeP MS in HER studies these
were spin-coated onto graphite substrate and heat-
treated under reductive (Ar:Hy) atmosphere.
However, the heat treatment caused structural
transformations of mixed Fe,P/FeP to Fe;P phase.
The electrocatalytic tests showed that the obtained
Fe,P phase is an efficient catalyst for HER.

EXPERIMENTAL
Materials

Iron pentacarbonyl (>99.99%, Fe (CO)s), OLA
(70%), ethanol (98%, EtOH), acetone (95%), and
sulfuric acid (97%, H»SO.) were purchased from
Sigma-Aldrich. TPP (99%), SQ (98%), and
chloroform (99.5%, CHCIs) were purchased from
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Alpha Aesar (United Kingdom). A graphite block
(99.9%) used as a substrate was obtained from
Beijing Great Wall Co., Ltd. (China).

Synthesis of Fe,P/FeP MS and preparation of Fe,P
catalyst

The synthesis of Fe,P/FeP NPs was achieved
under the following conditions: 0.6 g of Fe(CO)s,
3.14 g of TPP, 3 ml of OLA, and 8 ml of SQ were
mixed in a 100 ml three-neck flask (Ar atmosphere)
and heated at 150°C (ramp rate: 10°C/min) until the
TPP was dissolved. Later, the reaction temperature
was increased and kept at 350°C for 15 min. After
cooling the suspension, the product was isolated by
adding a mixture of solvents (10 ml, ethanol/acetone
—vl/v, 1:1). Following centrifugation at 8000 rpm for
5 min and decantation of the solution, the Fe,P/FeP
product was isolated as a solid material. After this
the solid mass was dried at 50°C for 30 min, roughly
0.27 g of powder was obtained. The obtained iron
phosphide powder (e.g., 0.27 g) was dispersed in 2
ml of CHCI; and spin-coated on graphite at 600 rpm
for 20 s. To remove the organics from the surface
heat treatment of the Fe,P/FeP thin film was
conducted at 500°C for 30 min (heating ramp: 10°C
min~t) in a muffle furnace under a mixture of Ar:H
gasses (65:35 % v/v, Inoxline H35, Messer) where
the gas flow rate was adjusted to 3 L min™%. In our
earlier studies we found that it is essential to use a
mixture of gases and the cited above ratio to produce
active catalyst for HER [23]. The amount of catalyst
loaded onto the graphite was in the range of 20 mg
cm=2

Characterization

The morphology of the catalyst was studied using
a scanning electron microscope (JEOL JSM 7100 F).
Transmission electron microscopy (TEM) study of
Fe,P/FeP particles was carried out using a JEOL
2100F microscope at an accelerating voltage of 200
kV. X-ray diffraction (XRD) studies were performed
using the MiniFlex 600 (Rigaku) and the
diffractograms were analyzed using the PDXL
software package, Ver. 1.4. Rietveld analysis of the
mixed Fe.P/FeP phase was carried out using the
MAUD software [24]. All electrochemical
measurements were performed using a potentiostat
(EDAQ SP1) in a typical three-electrode system, in
a 0.5 M H,SO. aqueous solution (pH ~ 0). Linear
sweep voltammetry (LSV) tests were performed
using Ag/AgCl (Sigma-Aldrich) as the reference
electrode, iron phosphide-coated graphite substrates
as the working electrodes, and graphite as the
counter electrode with a scan rate of 5 mV s
Experimentally measured potentials were converted

to a reversible hydrogen electrode (Erne) Scale using
the following equation:

Erne = Eagiager + E%agiager + (0.059 x pH),

where Eagagcl IS the measured potential vs.
Ag/AgCI and E%agager = 0.197 V is the standard
potential of the Ag/AgCI reference electrode vs.
RHE (at 25°C). Charge-transfer resistance was
accessed using EIS measurements in 0.5 M H,SOs,
at various applied potentials from —0.35 to —0.6 V
vs. Ag/AgCl and frequencies from 100 to 1 MHz (10
mV AC dither).

RESULTS AND DISCUSSION

The XRD pattern (Fig. 1) of the not well
crystallized mixed FeP/FeP sample shows
characteristic diffraction peaks at 41.05°, 44.33°,
and 48°, which matched (111), (201) and (210) plane
peaks of hexagonal Fe,P (P62m, PDF# 1008826).
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Fig. 1. (a) XRD patterns of Fe,P/FeP synthesized at
350°C and Fe,P obtained after the heat-treatment at
500°C. The XRD patterns of reference phases are given
with labels. (b) Rietveld refinement of the mixed
Fe,P/FeP sample.

The calculated crystal lattice parameters a=b =
5.8220 £ 0.0070 A and ¢ = 3.5204 £ 0.0061 A show
a good agreement with existing literature values for
hexagonal Fe-P. The XRD diffraction peaks at 32.8°,
46.3°, and 48.38° are typical for the (101), (211), and

73



T. Chouki et al.: Synthesis of efficient iron phosphide catalyst for electrocatalytic hydrogen generation

(121) planes of the orthorhombic FeP phase (Pbnm,
PDF# 9008932). The determined crystal lattice
parameters are equal to a = 5.8097 + 0.0041 A, b=
5.2042 +0.0031 A, and ¢ =3.1091 + 0.0018 A. The
crystallite size calculated using the Williamson-Hall
(W-H) method yielded an average size of 9.2 + 0.4
nm for Fe;P and 13.6 + 0.3 nm for FeP samples. The
calculated microstrain (x10°) was found as 1.63 +
0.03 a.u. (FeP) and 2.2 £ 0.02 a.u. (Fe2P). The mean
crystallite size of Fe,P and FeP estimated by W-H
method and Scherrer’s equation [25] is highly

oy "
(1119F £8
(101) =

intercorrelated in the frame of standard deviation.
The Rietveld quantification gives a weight ratio of
different phases in the as-synthesized Fe,P/FeP
sample equal to 45.1 £ 2.4 % (FezP) and 54.9 £ 2.4
% (FeP). The heat-treatment process under reductive
atmosphere converted the mixed Fe,P/FeP to pure
hexagonal Fe,P (P62m, PDF# 1008826) where the
calculated crystallite size of FesP is 14.7 nm.

TEM images of iron Fe,P/FeP particles are
shown in Fig. 2.

Fig. 2. (a,b,d) TEM images of Fe,P/FeP particles at different magnifications. (c) The SAED is taken from the image

in (b).

Fig. 3. SEM images of Fe,P thin film in (a) top- and
(b) cross-section views.
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Detailed analysis of the obtained Fe,P/FeP
sample confirmed the presence of microspheres
(MS) (Fig. 2a). The agglomerates in the TEM image
do not reveal the real morphology since these are
composed of individual Fe,P/FeP MS. Closer look
of the agglomerates show that these MS are made of
small Fe,P/FeP nanoparticles (NPs) with sizes in the
range of 10 to 30 nm (Figs. 2b, d). The selected area
electron diffraction (SAED) pattern confirms that
the FeoP/FeP NPs are polycrystalline (Fig. 2). The
lattice fringes in SAED image are equal to 2.835,
2.415 and 2.083 A and correspond to (101), (111)
and (201) planes for the Fe,P and FeP. Figure 3
shows SEM images of Fe,P MPs obtained after spin-
coating of Fe,P/FeP chloroform suspension onto
graphite substrate and heat-treatment stage. The
typical size range of Fe,P microspheres is between
200 - 1000 nm (e.g. 1 um). The average film
thickness determined from the cross-section profile
is close to ~10 um (Fig. 3b).
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Fig. 4. (a) LSV characteristics (iR-corrected) of Fe,P catalyst recorded at 5 mV st in 0.5 M H,SO4. For comparison,
the pure graphite and a reference Ti/Pt electrode are also given. In (b) the Tafel plots of Fe,P and Ti/Pt are given. In (c),
EIS characteristics of Fe;P. (d) Plot of R¢: vs. potential (negative values) for FeoP. The inset in (d) is a circuit element used
to fit the EIS data.

Table 1. Selected summary of the HER performance of some iron phosphide particles in 0.5 M H»SOs4 The

overpotential of the electrocatalyst at a current density of 10 mA cm2 (310).

. Tafel slope n10

Material P source (mVdecd) | mAcm?) Ref.
FeP NPs/Ti TOP 37 50 [15]
FeP NAs/CC NaH.PO, 45 58 [26]
FeP@GPC NaHPO; 68 72 [27]
FeP NAS/Ti NaH.PO, 60 85 [28]
FeP NWs array (PHs) gas 39 96 [29]
FePx-300 NaH.PO, 64 100 [30]
FeP NR (NaH2PO,-H20) 54 107 [31]
Fe.P/FeP TPP 119 110 [23]
HMFeP@C PB 56 115 [32]
FeP NRs NaHPO, 55 120 [1]
FezP NPs TPP 188 130 This study
FeP NPs TOP 64 135 [14]
FeP NPs NaH,PO, 65 154 [33]
FeP NWs - free (PHs) gas 66 193 [29]
Fe.,P@APC NaH,PO, 90 196 [27]
FeP NSs TOP 67 235 [34]
FePy-Ca NaHPO; 105 263 [30]
Bulk FeP NaH,PO, 82 285 [1]

Legend: PC — porous carbons; NAs — nanorod arrays; Ca — calcination; CC — nanorod arrays on carbon cloth; GPC —
graphitic carbon; NWs — nanowires; NRs — nanorods; NS — nanosheets; APC — amorphous carbon; and NPC — nitrogen
& phosphorus co-doped carbon.
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The HER performance of the iron phosphide
catalyst is presented in Fig. 4. LSV characteristics of
Fe,P recorded in 0.5 M H,SO4 revealed 130 mV at
10 mA cm2, The recorded overpotential of 130 mV
for Fe,P was found to be smaller than that of many
iron phosphide electrocatalysts reported in the
literature (Table 1). Another useful metric for
interpreting polarization curves is the Tafel plot
which indicates potential vs. log|j/ (current in
logarithm)| [35]. In terms of the Volmer limiting
step, the Tafel slope provides illustrative information
for the comparison of the kinetic rate for the proton
discharge reaction;: H* + e =+ M — Hy—M. The
Tafel slopes of Ti/Pt (reference) and Fe.P were 32
and 188 mV dec?, respectively (Fig. 4b). As a rule,
the lower the Tafel slope, the better is the catalytic
performance of the material. The higher Tafel slope
observed in this study can be attributed to the rate-
limiting steps associated with H* (adsorption)/H:
(desorption) to different parameters such as exposed
crystallographic facets, anionic/cationic vacancies,
etc. [36]. EIS was used to determine the contribution
of the Fe,P catalyst toward HER at different applied
potentials [21]. Figs. 4c, d show Nyquist plots for
Fe,P in 0.5 M H2SOy4, recorded with a bias from —150
to — 400 mV vs. RHE. The electrical circuit used to
fit the data was assumed to be made of sheet
resistance (Rs), contact phase (Q1) and resistance
(R1) elements (Fig. 4d). At the surface of the
electrode, the kinetics of electrochemical reaction
was governed by charge-transfer resistance (Rc)
[21]. Fig. 4d shows the R values obtained from the
fitted semi-circles as a function of applied bias. At
high overpotentials, the observed drop of R¢: was the
result of the faster charge-transfer kinetics for HER
[21]. EIS measurements of the Fe;P film showed a
low R¢ of 11 Ohms cm? which indicated efficient
catalytic activity toward HER.

CONCLUSIONS

Fe,P/FeP catalyst was successfully synthesized
using a low-cost TPP precursor. The obtained iron
phosphide particles were spin-coated on a graphite
substrate and heat-treated at 500°C. Heating of the
Fe,P/FeP sample under reductive atmosphere
yielded Fe,P phase. The overpotential for HER
recorded with Fe,P catalyst in this study was
comparable with or lower than most state-of-the-art
iron phosphide catalysts. EIS measurements
revealed that iron phosphide samples showed low
charge-transfer resistance (Re) of 11 Ohms cm?
which was ascribed to efficient HER.
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