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Ammonia-assisted synthesis of low-crystalline
FeCo hydroxides for efficient electrochemical
overall water splitting†

Huijun Ren,‡a Changgen Cheng,‡a Peiqun Yin,*b Qing Qin *c and Lei Dai *a

Low-crystalline FeCo hydroxides were synthesized on a gram scale

with the aid of ammonia, and they exhibited impressive catalytic

activity for both the HER and OER. We utilized these catalysts to

assemble a water splitting cell, which functions efficiently. The

electrolytic cell can produce a consistent current density of

200 mA cm−2 for over 20 hours while operating at a voltage of

1.95 V.

Hydrogen is widely regarded as the most ideal fuel due to its
potential to address environmental problems caused by fossil
fuel consumption.1–7 Currently, there are mainly two methods
to produce hydrogen, including high-temperature reforming of
hydrogen-containing chemicals8 and photo-electrochemical
reforming of water.9–19 However, high-temperature reforming
requires high temperatures, pressures, and catalyst consump-
tion, making it unsustainable and environmentally unfriendly.
Conversely, electrochemical methods can be conducted under
ambient conditions, making them a promising approach for
synthetic chemistry in the future.20–22 By controlling the given
voltage, chemical reactions that previously required high temp-
eratures and pressures can now be achieved with ease. For
instance, water splitting to produce hydrogen only requires a
voltage of 1.23 V. This is in sharp contrast to the high-tempera-
ture reforming process, which needs a high temperature above
1000 degrees and a substantial amount of catalysts.8,10

In developing electrochemical methods, there are still tech-
nical obstacles that need to be addressed, such as the develop-

ment of high-efficiency electrocatalysts.23 A desirable electroca-
talyst candidate should have a low synthetic cost, a stable
structure and high catalytic performance. Although electroca-
talysts such as Pt, Ru, and Ir are effective at producing hydro-
gen through water electrolysis, their widespread use is
restricted due to their limited availability and poor catalytic
durability.5,24–27 Under alkaline conditions, transition metal
(Fe, Co, and Ni) sulfides, oxides, phosphides, nitrides, and
selenides have shown promising catalytic performance for the
electrolysis of water to produce hydrogen,6,28–34 with FeNi LDH
being reported as the most excellent anode catalyst.35

However, their high synthetic cost poses a great challenge for
industrialization. The ideal electrocatalyst for industrialization
should have a low synthetic cost with simple procedures, while
only a few reports of such synthetic systems have been
achieved.23,31,36–43

In this study, we utilized ammonia as a template to syn-
thesize a series of transition metal hydroxides. This method
requires no heating and only involves stirring at room temp-
erature for 30 minutes, enabling the preparation of low-crystal-
line FeCo hydroxides (LC-FeCo) on a gram-scale (see the ESI†).
Remarkably, these hydroxides exhibited a low overpotential of
only 320 mV to achieve a current density of 200 mA cm−2 in
the oxygen evolution Reaction. Furthermore, they demon-
strated exceptional stability and durability at high operating
current densities, with an output current density of over
350 mA cm−2 maintained for 22 hours of electrolysis at a
potential of 1.62 V. Moreover, these hydroxides also displayed
excellent hydrogen evolution performance, with a high current
density of 200 mA cm−2 being achieved at a potential of −0.32
V. Based on their outstanding electrocatalytic activity for the
anode and cathode in water splitting, an electrolytic cell was
constructed using low-crystalline FeCo hydroxides as the cata-
lyst. Under a working voltage of 2 V, the output current density
was approximately 200 mA cm−2, surpassing that of electrolytic
cells based on commercial precious metal catalysts in terms of
both catalytic stability and activity.

LC-FeCo is synthesized using an NH3 auxiliary strategy by
adding NH3 to a mixed solution of FeCl3 and CoCl2 in a glass
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beaker and then stirring at room temperature for 30 minutes.
This method has been used to synthesize various transition
metal-based hydroxides. Layered LC-FeCo is obtained in high
yield which is confirmed by the dark-field scanning trans-
mission electron microscopy (STEM) and transmission elec-
tron microscopy (TEM) images (Fig. 1a and b). High-resolution
transmission electron microscopy (HRTEM) images (Fig. 1c)
reveal the presence of many holes and amorphous structures
(Fig. 1d) on the hydroxide surface, indicating the existence of
numerous defective sites. In a representative crystalline region
(Fig. 1c and e), the crystal lattice with a lattice spacing of
2.43 Å is observed, corresponding to the (111) plane of hydrox-
ide. The absence of diffraction peaks in the X-ray diffraction
(XRD) pattern indicates the low-crystalline nature of the
material (Fig. S1†). The appearance of a diffraction peak at
10–20° in the XRD pattern further confirms the layered struc-
ture characteristic of LC-FeCo, while the absence of diffraction
peaks at 30–70° indicates the low-crystalline nature of the
material (Fig. S1†). Elemental mappings (Fig. 1f) show a
homogeneous distribution of Fe and Co in LC-FeCo, with an
estimated Fe : Co atomic ratio of 3 : 5 obtained by inductively
coupled plasma mass spectrometry (ICP-MS) and energy dis-
persive X-ray spectroscopy (EDX) (Fig. S2a†). It is particularly
important that in the laboratory, we can achieve gram-level
production of LC-FeCo without any heating treatment
(Fig. S3†). So far, the low-crystalline FeCo catalyst has been pre-

pared at room temperature by simple stirring, as illustrated in
Scheme 1. Upon subjecting the obtained low-crystalline
product to secondary heating treatment, the material under-
went a transformation from its low-crystalline state to a high-
crystalline state.

As depicted in Fig. 2a and b, the high-crystalline FeCo
hydroxides (HC-FeCo) obtained were observed to be formed by
aggregated nanoparticles of approximately 5 nm in size. This
suggests that layered LC-FeCo undergoes atomic restructuring
upon secondary heating. From the HRTEM image (Fig. 2c–e), the
atomic arrangement becomes clear, but the lattice spacing of
2.43 Å did not change significantly. Meanwhile, EDX mapping
(Fig. 2f) shows that Fe and O elements are still evenly distributed,
and the atomic ratio of FeCo remains at 3.3 : 4.7 (Fig. S2b†).
Furthermore, the formation of a crystalline FeCo material after
heat treatment is confirmed by the appearance of distinct diffrac-

Fig. 1 TEM characterization of low-crystalline FeCo hydroxides. (a)
STEM image, (b) TEM image, (c–e) HR-TEM images, and (f ) EDX elemen-
tal mapping images.

Scheme 1 Schematic illustration of the preparation of LC-FeCo and
HC-FeCo catalysts.

Fig. 2 TEM characterization of high-crystalline FeCo hydroxides. (a)
STEM image, (b) TEM image, (c–e) HR-TEM images, and (f ) EDX elemen-
tal mapping images.
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tion peaks between 35 and 70°, while the weakening of the diffr-
action peak intensity at 10–20° indicates the disruption of its
layered structure, as shown in the XRD pattern (Fig. S1†). This
result is consistent with the TEM results.

We simultaneously used X-ray photoelectron spectroscopy
(XPS) analysis to investigate the electron binding energies of Fe
and Co elements in both low-crystalline and high-crystalline
samples. As shown in Fig. S4,† the electron binding energy of Fe
in the low-crystalline sample is 712.62 eV, which has a 1.34 eV
offset compared to that in the high-crystalline sample (711.28
eV). The same trend is also observed in the Co 2p electron
binding energy spectra, where the electron binding energy of Co
in the low-crystalline state locates at 780.49 eV, which is higher
than that in the high-crystalline state (780 eV). These results
suggest that the outermost atoms of elements in the amorphous
sample are more likely to undergo transitions, which will poss-
ibly enhance their electrocatalytic performance.24,44,45

To demonstrate its potential as an electrocatalyst, LC-FeCo
was tested for the oxygen evolution reaction (OER) and com-
pared to a series of Fe-based (Fig. S5†) and Co-based catalysts
(Fig. S6†), as well as commercial RuO2 serving as the control.
In all OER experiments, 1.0 mg of catalysts was deposited on
carbon paper with a surface area of 1.0 cm2 as the working
electrode. As shown in Fig. 3a, LC-FeCo exhibited overpoten-
tials of 271 and 352 mV to achieve current densities of 10 and
200 mA cm−2, respectively, and it outperforms HC-FeCo (312
@ and 434 mV @) and commercial RuO2 (342 mV @ 10 mA
cm−2). Additionally, LC-FeCo showed a Tafel slope (Fig. 3b) of
51.6 mV dec−1, which is smaller than those of HC-FeCo
(75.5 mV dec−1) and RuO2 (145.8 mV dec−1), allowing it to
generate a higher current density at a lower overpotential. At a
potential of 1.60 V, the output current density of LC-FeCo was
276.92 mA cm−2, which was 4.74 times higher than that of
commercial HC-FeCo (58.44 mA cm−2) and 17.91 times higher
than that of commercial RuO2 (15.46 mA cm−2). Furthermore,
LC-FeCo showed superior catalytic performance compared to
pure Fe and Co catalysts (Fig. S7†). Durability is another criti-
cal parameter for evaluating electrocatalysts, and LC-FeCo exhi-
bits excellent stability within 20 hours (Fig. 3c), maintaining a
stable output current density of 350 mA cm−2 at 1.62 V (vs. the
RHE). At the same operating voltage, highly crystalline FeCo
can only obtain a current density of 50 mA cm−2, accompanied
by a continuous performance decline. The XPS results indicate
that the electron binding energies of Co and Fe both increase
to a certain extent after the prolonged reaction (Fig. S8†). The
STEM results showed that the tiny aggregates of LC-FeCo
existed after prolonged electrolysis, but HR-TEM indicated that
the amorphous and crystalline regions still coexisted
(Fig. S9†). This suggests that LC-FeCo has the greatest poten-
tial to be commercially viable as an OER catalyst (Table S1†).

We hypothesize that the superior OER performance of
LC-FeCo can be attributed to its low crystallinity, which
enhances the electron/mass transport, and electrochemical
active area. To investigate the charge transport kinetics during
electrocatalysis, we measured electrical impedance spectra
(EIS) in 1.0 M KOH. As seen in Fig. S10,† LC-FeCo exhibited a

lower charge-transfer resistance (4.2 Ω) than HC-FeCo (6.28 Ω),
indicating its superior charge transport kinetics.5,46,47

Furthermore, to identify the intrinsic active sites of the catalyst
for the OER, we probed the electrochemical double-layer
capacitance (Cdl) to estimate the ECSA using cyclic voltamme-
try scanning in 1.0 M KOH at the scan rates of 10–60 mV s−1.
As shown in Fig. S11 and S12,† LC-FeCo showed a significantly
larger Cdl value (40.3 mF cm−2) than HC-FeCo (30.5 mF cm−2),
demonstrating its higher specific surface area and substantial
active sites for the OER. Materials with low or non-crystalline
structures can endow them with extremely strong self-healing
abilities, which enable them to exhibit excellent catalytic stabi-
lity during electrocatalysis.7,17,48–50

It should be noted that LC-FeCo also showed superior HER
activity, with an overpotential of 288 mV at a current density of
100 mA cm−2, which is lower than the overpotential required
for HC-FeCo (400 mV). At a high outputting current (350 mA
cm−2), the performance of LC-FeCo (403 mV) is comparable to
that of commercial Pt/C (347 mV) (Fig. S13†). Therefore, the
excellent catalytic performance of LC-FeCo in both the HER
and OER makes it a promising multifunctional electrocatalyst
for overall water splitting. As shown in Fig. 4a, even at a lower
output current, LC-FeCo exhibits catalytic activity comparable
to precious metals, and LC-FeCo∥LC-FeCo exhibits even better
performance. Impressively, at a higher output current,
LC-FeCo∥LC-FeCo only requires 1.95 V to achieve 200 mA
cm−2, while the reference couple (Pt/C∥IrO2) requires 2.13 V to
achieve the same current density, demonstrating the excellent

Fig. 3 OER performances of LC-FeCo, HC-FeCo and RuO2 in KOH. (a)
Electrode surface area-normalized polarization curves obtained at a
scan rate of 10 mV s−1. (b) Corresponding Tafel plots and the overpoten-
tial required for a cathodic current density of 10 mA cm−2. (c)
Chronoamperometric curve of LC-FeCo and HC-FeCo at a constant
potential of 1.62 V vs. RHE. The loading amounts of all catalysts on
carbon paper are 1.0 mg cm−2.
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catalytic activity of LC-FeCo-based electrolyzers. Furthermore,
LC-FeCo-based electrolyzers also exhibit superior catalytic
stability compared to the noble metals. As shown in Fig. 4b,
After 20 hours of electrolysis, the output current of 229.3 mA
cm−2 on the LC-FeCo∥LC-FeCo couple can still be maintained,
while the durability of Pt/C-IrO2 is very inferior, with obvious
attenuation being observed in the first 5 hours of reaction.
After 10 hours of electrolysis, the output current on the Pt/
C∥RuO2 couple decreases to 12.7 mA cm−2. These results
(Table S2†) suggest that LC-FeCo has great potential to replace
precious metals as the next-generation catalysts for electro-
chemical water splitting under alkaline conditions.

Conclusions

To make nanocatalysts suitable for industrial applications, several
factors need to be considered. Firstly, the synthetic cost should be
low while ensuring high-quality synthesis on a gram-scale.
Secondly, the synthetic process should be simple and safe without
the emission of any toxic or harmful substances. Finally, the
nanocatalysts should exhibit high catalytic activity and stability. In
this study, we have utilized basic inorganic chemistry principles to
guide the synthesis and preparation of FeCo catalysts that demon-
strate exceptional catalytic activity and stability during overall
water splitting. During the anode reaction, Fe and Co species can
synergistically function to overcome the potential energy barrier
during the oxygen production process. Additionally, the low-crys-
talline structure of the catalyst further enhances its catalytic
activity and stability. Based on the above advantages, LC-FeCo has
the potential to replace precious metals as the next generation
alkaline water splitting electrolytic cell catalysts.
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