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KEYWORDS Abstract Water electrolysis is a promising method for hydrogen production, so the preparation of
Tonic liquid; low-cost and efficient electrocatalysts with a quick and simple procedure is crucial. Herein, iron
Iron phosphate; phosphate (Fe;(POy4)¢) was prepared via microwave radiation using ionic liquid (IL) as iron and
Electrocatalyst; phosphorus dual-source. This method is simple and rapid, and the product can be directly used
Hydrogen evolution reac- as electrocatalysts without further treatment. The experimental results show that the IL can influ-
tion; ence the morphology and electrocatalytic performance. Moreover, the addition of carbon nan-
Oxygen evolution reaction otubes (CNTs) is favorable for formation of iron phosphate nanoparticles to improve the

catalytic activities. As hydrogen evolution reaction (HER) catalyst, this iron phosphate/CNTs exhi-
bits an onset overpotential of 120 mV, Tafel slope of 32.9 mV dec!, and current densities of
10 mA cm ™2 at overpotential of 185 mV. Then, it obtains a good activity for oxygen evolution reac-
tion (OER) with a low onset potential of 1.48 V, Tafel slope of 73.3 mV dec!, and it only needs an
overpotential of 300 mV to drive the 10 mA cm 2. This bifunctional catalyst also shows good dura-
bility for HER and OER. This microwave-assisted method provides an outstanding strategy to pre-
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pare iron phosphate in a simple and fast process with good catalytic performance for water split-

ting.
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1. Introduction

With the dramatic increasing of energy demand and environ-
mental impact, numerous efforts have been conducted to
develop sustainable and clean energies. Hydrogen is regarded
as a promising candidate due to its eco-friendly, highly efficient
energy conversion, and high energy density (Turner, 2004;
Schlapbach, 2009). Water electrolysis is a simple and mature
way for massive hydrogen and oxygen production without car-
bon emission (Coughlin, 1979). RuO, and Pt/C are the most
widely used commercial electrocatalysts for oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) in
water electrolysis, respectively. Nevertheless, their high-cost
and scarce-abundance limit the practical application (Yang
et al., 2018; Wang et al., 2017; Sun et al., 2020). Thus, it is crit-
ical to explore some low-cost and high-efficient electrocatalysts
for water splitting.

To date, transitional metal sulfides, nitrides, phosphates
and phosphides have been widely studied as electrocatalysts
for HER and OER since their excellent conductivity and sta-
bility, low price and high abundance (Li et al., 2020). Recently,
experimental and theoretical investigations indicate that P
atom can significantly decrease the Gibbs free energy of hydro-
gen adsorption, improving the HER performance (Callejas
et al., 2015; Shi, Y., Zhang., 2016). P-defects in the catalyst
can adjust the binding intensity between intermediates and cat-
alytic sites to reduce the free-energy barrier, which is pivotal
for OER process (Pu et al., 2017; Yao et al., 2018). In addition,
P was oxidized to oxides and phosphates thatimprove the OER
performance (Yu, et al., 2551). Thus, transitional metal phos-
phates can be applied as HER and OER bifunctional
electrocatalyst.

In recent years, various kinds of transitional metal phos-
phates, including iron, cobalt, nickel and molybdenum based
phosphates were surveyed as catalysts in water electrolysis
(Liang et al., 2019; Zhong et al., 2017; Zhang et al., 2017).
In these materials, iron phosphates are adequately studied as
HER and OER electrocatalysts for large scale application
due to the fact that iron is the cheapest and most abundant
transition metal (Khalate et al., 2019; Zhang et al., 2017;
Zhong et al., 2017). Moreover, iron phosphate possesses low
toxicity and environmental impact.

In order to prepare the iron phosphate/phosphide, NaH,-
PO,, phosphorus and thrioctylphosphide are the most fre-
quently used P sources, and different iron salts (FeCl; or Fe
(NOs)3) are usually utilized as the Fe sources. However, some
extra pretreatment steps for these raw materials are usually
needed to obtain better catalytic performance. Moreover, con-
ventional pyrolysis strategies are usually tedious and energy
consuming. Therefore, a simple and rapid synthesis approach
for iron phosphate is highly required. In this study, a
microwave-assisted strategy was proposed to obtain iron
phosphate-carbon nanotubes (FePO/CNTs) composite using
ionic liquids (ILs) as Fe and P sources. This synthesis

approach is simple and quick that can be completed with
10 min. Tetrabutylphosphonium tetrachloroferrate ([P
(C4Ho)4][FeCly]) with CNTs was applied to obtain Fe;(POy)e/
CNTs that showed good electrocatalytic activities and stabili-
ties for HERand OER. As a HER catalyst, it exhibits an onset
overpotential of 120 mV, Tafel slope of 32.9 mV dec’!, and
current densities of 10 mA cm™2 at overpotentials of
185 mV. Then, it obtains a good activity for OER with a
low onset potential of 1.48 V, Tafel slope of 73.3 mV dec’,
and it only needs an overpotential of 300 mV to drive the
10 mA cm™2

2. Experimental

2.1. Reagents

Tetrabutylphosphonium chloride ([P(C4Ho)4][Cl]), Trihexyl(tet
radecyl)phosphonium chloride ([P(CgH;3)3C14H29][Cl]) and
iron(III) chloride hexahydrate (FeCl;-6H,O) were obtained
from Titansci Co. China. Multi-walled carbon nanotubes
(CNTs) were supplied by Shenzhen Nanotech Port Ltd,Co.
China.Pt/C (20 wt%) and RuO, were purchased from Alad-
din. All other reagents were supplied by Beijing Chemicals,
China. Deionized water (18 MQ cm) obtained from a Milli-
Q Plus system (Millipore) was used throughout the
experiment.

2.2. Preparation of ionic liquid and iron phosphates

The synthesis of the two ionic liquids (ILs), namely
tetrabutylphosphoniumtetrachloroferrate ([P(C4Hog)4][FeCly])
and trihexyl(tetradecyl)phosphonium tetrachloroferrate ([P
(CeH3)3C14Hoo][FeCly]) followed the method described in
our previous reports. The ([P(C4Ho)4][FeCly]) were prepared
as follows (Scheme 1). Briefly, tetrabutylphosphonium chlo-
ride ([P(C4Hy)4][Cl]) reacted with iron(III) chloride hexahy-
drate (FeCl;-6H,0) in an appropriate amount of methanol
for 24 h at room temperature. After removing the methanol,
the homogeneous mixture was dried in a vacuum at 45 °C
for 24 h to obtain [P(C4Hy)4][FeCly]. This IL was mixed with
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Scheme 1  Synthesis of IL and preparation of FePO/CNTs.
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CNTs (IL/CNTs = 5:1, (w/w)) in an appropriate amount of
methanol, and sonicated for 30 min. Then, this homogeneous
product was dried in a vacuum at 45 °C for 24 h to obtain the
IL4/CNTs mixture. The IL4/CNTs was then put in the micro-
wave oven (Midea M1-201A). After 4 min of microwave radi-
ation, iron phosphates (FePO(IL4)/CNTs) was prepared.
Similarly, [P(CﬁHl3)3C14H29][Cl]reacted with FCC136H20 to
obtain ([P(CgH13)3C14Hoo][FeCly]) that was further mixed with
CNTs to get FePO(IL6)/CNTs via microwave for 4 min. For
comparison, [P(C4Hy)4][FeCly] and [P(Ce¢H3):C14Hao][FeCly]
directly underwent microwave radiation without adding CNTs
to prepare FePO(IL4) and FePO(IL6) in the same conditions.

2.3. Electrocatalytic performance

All the electrochemical and electrocatalytic properties of the
materials were systemically evaluated with an electrochemical
work station (CHI-760E) using a traditional three-electrode
configuration at room temperature. HER and OER were
tested in 0.5 M H,SO4 and 1 M KOH solution, respectively.
In the typical cell configuration, a saturated calomel electrode
(SCE) and a graphite plate were used as the reference electrode
and the counter electrode, respectively. A glassy carbon elec-
trode (GCE, 0.126 cm?) coated with 10 pL of 5 mg mI™" cata-
lyst solution that contains 5- wt% Nafion was used as the
working electrode. Linear sweep voltammetry (LSV) was per-
formed in the potential range of 0 to — 1 V (HER) at a scan
rate of 2 mVs™! and in the potential range of 0 to 1 V
(OER) at a scan rate of 5mV s™! to obtain polarization curves.
The electrochemical impedance spectroscopy (EIS) of electro-
catalyst was recorded from 0.1 Hz to 1000 kHz, and the ampli-
tude of current perturbation was 5 mA. The electrochemical
active surface areas (ECSA) were obtained via cyclic voltam-
metry (CV) with different scanning rates. In order to reduce
errors, each experiment was repeated at least three times.

2.4. Characterization

The morphology and microstructure of the catalyst were char-
acterized by scanning electron microscopy (SEM, JSM-
6510LV), transmission electron microscopy (TEM,JEM-
2100) and Energy dispersive X-ray spectroscopy (EDX, INCA
X-Max 250). X-ray diffraction (XRD) patterns were recorded
with a RigakuD/Max 2550 diffractometer with Cu Ko radia-
tion (A = 1.5418 A). X-ray photoelectron spectroscopy
(XPS) measurements were performed using a Thermo Fisher
ESCALAB 250Xi spectrometer with a 150 W Al Ka excitation
source at 1486.6 eV.

3. Results and discussion

In this study, ionic liquid ([P(C4Ho)4][FeCly] or [P
(CgH13);C14Hyo][FeCly]), containing P and Fe, was utilized
as iron and phosphorus sources (Scheme 2). During the micro-
wave radiation, trialkylphosphine (TAP) was generated from
phosphonium cation and FeClj can be form the iron nanopar-
icles (Fe-NPs) (Read et al., 2016; Wang et al., 2016). TAP is
the organophosphine reagent with a strong coordination inter-
action, which can attract Fe-NPs to form Fe-TAP complex
(Pan et al., 2015). Then, P-C bond was broken to generate
phosphorus. Subsequently, Fe was phosphorized to afford
cobalt phosphate (FePO). Compared to the previous pyrolysis
methods, this microwave method is simple and rapid, which
can be finished in several minutes without any other additives.

The morphology of the as-prepared catalysts (FePO/CNTs)
was observed via scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As illustrated in
Fig. 1, the SEM and TEM images of FePO(IL4)/CNTs and
FePO(IL6)/CNTs manifest that iron phosphate was uniformly
formed on the CNTs. The FePO(IL4)/CNTs has a snowflake-
like structure, and no obvious particulate matter is visible
(Fig. la). As shown in Fig. Ic, the TEM image of FePO
(IL4)/CNTs demonstrates that iron phosphate was uniformly
distributed on the CNTs like bubble. Meanwhile, SEM and
TEM images of FePO(IL6)/CNTs Fig. 1b and Fig. 1d) display
that iron phosphate has a sphere-shaped morphology. Accord-
ing to the TEM image, the particle size distribution histogram
was obtained (Figure. SI in Supplementary Material), and it
indicated that the diameter of the particles is between 40 and
50 nm. These results indicated IL affects the morphology of
the catalyst, and iron phosphate was enwrapped by CNTs.
X-ray (EDX) spectrum (Fig.S2) indicates that Fe, P, O, and
C are the main elements in the catalyst. EDS mapping results
demonstrate that the Fe, P and O are homogeneously spread
on the CNTs, confirming the successful synthesis of iron phos-
phate (Fig. S3). In order to comparison, FePO(IL4) and FePO
(IL6) were also analyzed by SEM, TEM and EDS. As illus-
trated in Fig. S4, FePO(IL4) and FePO(IL6) have large flake
morphologies, indicating bulky FePO was formed. After addi-
tion of CNTs, CNTs (solid) can disperse the IL (liquid) into
small droplets to form “bucky gel” instead of homogeneous
solution. Also, CNTs have a good microwave absorption per-
formance that can transfer the heat from CNTs to IL droplets
quickly. Therefore, the addition of CNTs can help to form the
iron phosphate nanoparticles.

In order to investigate the crystallinity and chemical com-
position of the iron phosphate/CNTs, and further identify
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Scheme 2 Preparation process of FePO using IL.
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Fig. 2 XRDpattern of FePO(IL4)/CNTs.

the formation of iron phosphate, the XRD analysis was per-
formed. As illustrated in Fig. 2, the strong peaks of XRD pat-
terns for FePO(IL4)at 21.6, 23.8, 33.3, 34.8, 35.3, 37.0, 41.1
and 58.3° are clearly observed, which can be well matched to
planes of the Fe;(PO4)s (PDF No0.491088). The broad peaks
from 26 to 31° can be attributed to the presence of CNTs
and amorphous carbon generated from the carbonization of
IL cation.

The bonding information of FePO(IL4)/CNTs was further
studied by X-ray photoelectron spectroscopy (XPS). The
FePO(IL4)/CNTs XPS spectra showed characteristic peaks

(a): SEM image of FePO(IL4)/CNTs; (b): SEM image of FePO(IL6)/CNTs; (¢): TEM image of FePO(IL4)/CNTs; (d): TEM

of Fe2p, P2p, Cls and Ols, indicating the presence of Fe, P,
O and C elements (Fig. 3a).In the Fe 2p spectrum (Fig. 3b),
the characteristic peaks at 710.4 and 723.4 eV reflect the BE
of Fe2+2p3/2 and Fe2+2p1 12, Tespectively. Moreover, the sec-
ond double peaks around 712.2 and 725.3 eV correspond
to2p;), and 2p; ), of Fe’ ", and these results confirm the coex-
istence of Fe’" and Fe*" (Wang et al., 2020 Suliman et al.,
2019; Kozlyakova et al., 2018; Fan et al., 2019). The peaks
715.3 and 728.4 eV can be ascribed to the satellite peaks.
The P 2p XPS spectrum is shown in Fig. 3c, and there are
two peaks at the binding energies of 133.2 and 134.1 eV, cor-
responding to the 2ps;» and 2p;, core energy levels of the
phosphorus atom in the phosphate group (Yuan et al., 2016;
Li et al,, 2018; Xu et al., 2018). As presented in Fig. 3d, the
peak appears at 531.9 eV is corresponding to O-P bonding,
and the peak at 533.6 eV can be attributed to the adsorbed
OH groups (Li et al., 2018; Xu et al., 2018; Yang et al., 2017).

The HER performances of FePO(IL4)/CNTs and FePO
(IL6)/CNTs electrocatalysts were investigated in 0.5 MH,SO,.
For comparison, Pt/C (20 wt%), CNTs and FePO(IL4) were
also evaluated under the same conditions. As illustrated in
Fig. 4a, FePO(IL4)/CNTs exhibited the best HER activity
with the lowest onset overpotential of 120 mV.The FePO
(IL4)/CNTs requires overpotential of 185 mV to obtain
10 mA cm2, whereas FePO(IL6)/CNTs, FePO(IL4) and
CNTs need larger overpotentials to reached this current den-
sity. Furthermore, its catalytic activity is comparable with
other transition metal based electrocatalysts (Table S1 in Sup-
plementary Material). It also can be observed that the FePO
(IL4) show a much lower HER activity than FePO(IL4)/
CNTs, suggesting CNTs play an important role in improving
HER performance. One possible reason is that CNTs can
effectively disperse IL into small droplets, which helps to form
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(d): O 1 s XPS spectra of FePO(IL4)/CNTs.

iron phosphate nanostructures instead of bulky iron phos-
phate. Moreover, the Tafel curves of these materials were
investigated and the Tafel slopes were obtained via fitting the
corresponding LSV plots Fig. 4b).The Tafel slope of FePO
(IL4)/CNTs was approximately 30 mV dec’!, so the HER pro-
cess occurred via the Volmer-Tafel mechanism, in which the
recombination of adsorbed hydrogen was the rate-limiting step
(Li et al., 2018).FePO(IL6)/CNTs shows a Tafel slope of
44.6 mV dec!,implying the mechanism of FePO(IL6)/CNTs
could be the Volmer-Heyrovsky reaction and the electrochem-
ical desorption(Heyrovsky step)was a rate-limiting step. This
low Tafel slope of FePO(IL4)/CNTs demonstrates a low
energy barrier of hydrogen desorption and has better kinetics
of hydrogen evolution.

Besides the good HER activity, these as-prepared catalysts
also can be served as remarkable OER electrocatalysts. The
OER electrocatalytic performance of as-prepared catalysts
was analyzed in 1 M KOH solution.RuO, was applied as elec-
trocatalyst for comparison. TheFig.5a displays the polariza-
tion curves of as-prepared catalysts, the FePO(IL4)/CNTs
shows the best OER electrocatalytic performance and has
the lowest onset potential of 1.48 V. And FePO(IL4)/CNTs
needs 300 mV to obtain the current density of 10 mA cm 2
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(a): XPS spectra of FePO(IL4)/CNTs. (b): Fe 2p XPS spectra of FePO(IL4)/CNTs. (¢): P 2p XPS spectra of FePO(IL4)/CNTs.

which is superior to FePO(IL6)/CNTs, FePO(IL4), CNTs
and RuO,. In addition, the catalytic performance of FePO
(IL4)/CNTs is comparable with other transition metal-based
catalysts (Table S1). The OER electrocatalytic performance
of FePO(IL4)/CNTs and FePO(IL6)/CNTs is better than
FePO(IL4) and CNTs, showing the same trend as HER perfor-
mance. The OER kinetics was investigated via Tafel slopes of
catalysts (Fig. 5b). The Tafel slope for FePO(IL4)/CNTs
(73.3 mV dec!) is much lower than FePO(IL6)/CNTs(74.8
mVdec!), FePO(IL4)(84.7 mVdec), CNTs(138.5 mVdec™)
and RuO5(77.3 mVdec™), indicating the FePO(IL4)/CNTs dis-
plays more favorable OER kinetics.

To further evaluate the catalytic performance, electrochem-
ical surface area (ECSA) and electrochemical impedance spec-
troscopy (EIS) of these catalysts were studied. The value of
ECSA is closely related to the double-layer capacitance (Cy),
which was utilized to investigate the catalytically active sites
of catalysts (Huang et al., 2019; Yang et al., 2018; Yu et al.,
2016). Moreover, Cq, is proportional to ECSA (, xxxx). Herein,
cyclic voltammetry (CV) was used to estimate the ECSA values
under different scan rates in the non-Faraday region of 0.06
~0.16 V for HER and 0 ~ 0.2 V for OER. There was no redox
reaction and charge transfer in the selected voltage range, thus
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Fig. 4 (a): Linear sweep voltammograms of prepared catalysts; (b): Tafel plots for HER using prepared catalyst. (¢): Electrochemical

impedance spectroscopy data for prepared catalysts. Data was collected for the electrode under HER overpotential: 550 mV. (d): Time
dependence of cathodic current density during electrolysis over 25 h at overpotential of 500 mV. FePO(IL4)/CNTs (orange), FePO(IL6)/
CNTs (navy), FePO(IL4) (red), pristine CNTs (dark cyan) and Pt/C (purple) Catalyst loading amount: 50 pg. Electrolyte: 0.5 M H,SO,.

IL to CNTs ratio: 5:1.

the current only was generated from double-layer charging and
discharging (Yang et al., 2018; Amorim et al., 2020). As illus-
trated in Fig. S5, the Cg4 of FePO(IL4)/CNTs was significantly
higher than that of other catalysts for HER and OER, mani-
festing FePO(IL4)/CNTs possessed more effective active sites
to promote the adsorption and desorption processes. There-
fore, the catalytic performance of FePO(IL4)/CNT had been
significantly improved. Furthermore, FePO(IL4)/CNTs exhib-
ited the smallest faradaic impedance for HER and OER in
Fig. 4c and Fig. 5c. The addition of CNTs can effectively
reduce the Faraday impedance and improve the electron trans-
fer ability, enhancing the catalytic kinetics. Thus, CNTs play
an important role in forming iron phosphate nanoparticles
and improving catalytic activity.

The catalytic stability of FePO(IL4)/CNTs was investigated
by current—time (i-t) measurement. For the HER, the stability
measurement was conducted with a constant over overpoten-
tial ofS00 mV for 25 h, and the stability measurement was con-
ducted with a constant overpotential of 800 mV for 16 h for
OER. As shown in Fig. 4d and Fig. 5d, the current density
of FePO(IL4)/CNTs was barely changed, exhibiting excellent
stability. Thus, FePO(IL4)/CNTs can be used as an effective
and stable HER and OER electrocatalyst.

FePO(IL4)/CNTs was optimized in terms of microwave
radiation time and IL/CNTs ratio. The ratio of IL to CNTs
was adjusted from 1:1 to 15:1. It can be found that the optimal
ratio is 5:1(Fig. S6). One possible reason is that the low ratio of
IL/CNTs can not generate enough FePO(IL4)/CNTs, while a
high ratio of IL/CNTs could prepare some extra FePO(IL4)
that makes the catalytic performance poor. Then, the micro-
wave radiation time was increased from 2 to 6 min. The results
show that FePO(IL4)/CNTs has the best catalytic performance
when the microwave irradiation time was 4 min(Fig. S7). A
short radiation time can not obtain the iron phosphate com-
pletely, while prolonging the time of microwave irradiation
would not significantly change the catalytic performance. To
save the energy an time, the catalyst was prepared by micro-
wave irradiation in 4 min.

4. Conclusions

In this study, ionic liquids were used as the dual-source of Fe
and P to prepare iron phosphate through microwave radiation.
These prepared iron phosphate/CNTs composites were used as
electrocatalyst for water splitting, and IL can influence the
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(a): Linear sweep voltammograms of the catalysts for the OER.(b): Tafel plots for OER using prepared catalysts; (c):

Electrochemical impedance spectroscopy data for prepared catalysts. Data was collected for the electrode under OER overpotential:
650 mV. (d): Time dependence of cathodic current density during electrolysis over 16 h at overpotential of 800 mV. FePO(IL4)/CNTs
(orange), FePO(IL6)/CNTs (navy), FePO(IL4) (red), pristine CNTs (dark cyan) and Ru,O (purple). Catalyst loading amount: 50 pg.

Electrolyte: 1 M KOH. IL to CNTs ratio: 5:1.

morphology of iron phosphate and electrocatalytic perfor-
mance of these materials. In these catalysts, Fe;(PO4)s/CNTs
(FePO(IL4)/CNTs) generated from [P(C4Hg)4][FeCl4]/CNTs
exhibited excellent catalytic activity and stability for HER
and OER. Moreover, CNTs not only contributed to the for-
mation of iron phosphate nanoparticles, but also increased
the conductivity of the catalyst, ameliorating the catalytic per-
formance. Therefore, this method of microwave radiation
using IL provide a simple, facile and eco-friendly strategy for
transition metal phosphate, which possesses a good applica-
tion prospect in other electrochemical research.
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