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This study presents the synthesis and electrocatalytic performance
of amorphous Fe—O—-P nanocages derived from Fe-MOFs for water
and ethylene glycol (EG) oxidation. Despite structural and composi-
tional changes, the electrocatalyst in an electrolytic cell with Pt/C
shows high activity and reduced cell voltage, efficiently generating
H, and formic acid in a KOH-EG mixed electrolyte.

Hydrogen (H,), known for its high energy density and sustain-
ability, is a key green source of energy, making it an appealing
option to replace fossil fuels for reducing greenhouse gas
emissions and combatting climate change with various appli-
cations, including fuel cells, industrial processes, and trans-
portation." Water splitting via electrocatalysis presents an
economically viable and environmentally friendly method for
H, production.” However, during water electrolysis, the slow
kinetics of the water oxidation reaction due to its multiple-
electron transfer steps with a high energy barrier often become
the primary bottleneck, limiting the hydrogen evolution reaction
(HER) rate and increasing energy consumption.? To address this
issue, in addition to developing efficient electrocatalysts for
water oxidation, a promising approach is to explore low-
potential oxidation half-reactions that can replace water oxida-
tion, thereby reducing energy consumption and improving H,
production efficiency.® The oxidation of small organic mole-
cules is one such alternative, providing a more energy-efficient
process for green H, production along with value-added
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chemical byproducts.” Among various small organic molecules,
ethylene glycol is an attractive, non-toxicity liquid organic
molecule that can be produced from renewable biomass through
high efficiency processes, and the ethylene glycol oxidation
reaction (EGOR) via electrocatalysis has been widely studied
for fuel cells.® In our case, we choose the EGOR as the oxidation
half-reaction to replace water oxidation, coupling it with the
HER for H, production with low energy consumption.

In contrast to crystalline materials, amorphous metal com-
pounds are metastable and feature short-range order with long-
range disorder, possibly resulting in more active sites and more
favourable electronic structures for electrocatalysis.” Herein, we
have developed a solution-based method to successfully pre-
pare amorphous Fe-O-P (a-Fe-O-P) nanocages through the
phosphorization of spindle-shaped Fe-MOFs (MIL-88A). During
the electrocatalytic process, despite the leaching of P and
collapse of the nanocages, the resulting iron oxyhydroxide
(FeO,(OH),),® which served as the true active electrocatalyst,
exhibited high performance in both the electrocatalytic water
oxidation reaction and the EGOR. The enhanced performance
may be attributed to defect-enriched FeO,(OH), with a large
number of surface unsaturated sites for easy reactant adsorp-
tion. Compared to water splitting, the cell voltage for the EGOR
coupled with the HER in a two-electrode electrolyzer decreased
from 1.60 V to 1.50 V at a current density of 50 mA/cm?
revealing an energy-saving route for H, generation, as well as
for formic acid.

Spindle-shaped Fe-MOFs were prepared by a sophisticated
synthetic strategy.’” The crystal structure and morphology of
Fe-MOFs were clearly revealed by the X-ray diffraction (XRD)
pattern (Fig. S1, ESIY), transmission electron microscopy (TEM)
image and field emission scanning electron microscopy (FE-SEM)
images at different magnifications (Fig. S2, ESIT), signifying the
formation of the spindle-shaped Fe-MOFs. The aspect ratio of
the spindle shapes was approximately 5:1 with an average
length of ~2 pm. The as-prepared Fe-MOFs were further treated
with sodium hypophosphite (NaH,PO, -H,0) in a water-dimethyl-
formamide mixed solvent. During the phosphorization process,
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Fig. 1 The as-synthesized a-Fe—O-P microstructures: (a) FE-SEM image,
(b) TEM image, (c) STEM image and the corresponding elemental
mappings of (d) Fe, (e) P and (f) O.

the spindle shapes gradually transformed into hollow spindle
structures that were composed of many tiny nanoparticles, as
confirmed by FE-SEM and TEM images (Fig. 1a and b). The
distinguished diffraction peaks in the XRD pattern could not be
observed (Fig. S3, ESIT). Meanwhile, the clear lattice fringes were
not found in the high-resolution TEM (HR-TEM) image (Fig. S4,
ESIt), and only a diffraction halo was present in the corres-
ponding selected area electron diffraction (SAED) pattern (inset
of Fig. $4, ESIT). These observations indicate that the phosphor-
ized sample has an amorphous structure.*

To gain deeper insight into the amorphous sample, elemen-
tal mapping was conducted. In the scanning and transmission
electron microscopy (STEM) image of the hollow spindle-
shaped agglomerate (Fig. 1c), the Fe and P elements were
observed to be uniformly distributed across the entire agglo-
merate (Fig. 1d and e). Interestingly, the presence of the O
element was also detected (Fig. 1f), suggesting the incorpora-
tion of O into the structure. Therefore, the amorphous sample
was identified as the a-Fe-O-P compound. X-ray photoelectron
spectroscopy (XPS) was performed to analyse the chemical
states of these elements. The high-resolution Fe 2p core-level
XPS spectrum of a-Fe-O-P (Fig. S5a, ESIt) showed two domi-
nant peaks at 711.1 and 713.7 eV, corresponding to the two
Fe®* 2p;,, doublet peaks. A similar pattern of multiplet peaks
for Fe*" and Fe®" species have been previously observed in the
fitted Fe 2p XPS spectra.'” In addition, the Fe*" 2p,, peak with
a binding energy of 724.9 eV, along with satellite peaks, also
appeared in the deconvoluted Fe 2p XPS spectrum. In contrast,
no significant change was observed in the Fe 2p core-level XPS
spectrum of the Fe-MOF before phosphorization (Fig. S5b,
ESIY), further confirming that the Fe species in the a-Fe-O-P
sample is assigned to Fe®*. The absence of lower binding
energies in the Fe 2p;/, spectrum indicates that Fe-P is not
present in the Fe-O-P sample. The high-resolution P 2p XPS
spectrum of a-Fe-O-P shows a peak at 133.1 eV (Fig. S5c, ESI{),
corresponding to P-O bonds, while no lower binding energy
peaks associated with Fe-P are observed,'? further suggesting
the formation of Fe-O-P structures. Generally, in the high-
resolution XPS spectrum, O 1s are complex. In this study, two
peaks are needed to fit the O 1s XPS broadband for the Fe-O-P
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sample (Fig. S5d, ESIt). These peaks at 529.9 and 531.4 eV were
attributed to O from oxide ions and surface hydroxyl (OH)
groups,™® respectively.

The electrocatalytic activity of all electrodes for the oxygen
evolution reaction (OER) was assessed after activation by cyclic
voltammetry, conducted at a scan rate of 100 mV s~ ' for
50 cycles. Linear sweep voltammetry (LSV) measurements,
performed at a scan rate of 5 mV s~ in a 1.0 M KOH solution,
demonstrate that the a-Fe-O-P loaded Ni foam (a-Fe-O-P/NF)
exhibits superior electrocatalytic activity for the OER in a
standard three-electrode system, compared to other electrodes,
including Fe-MOF loaded NF (Fe-MOF/NF) and commercial
RuO, loaded NF (RuO,/NF) (Fig. 2a). For example, at different
current densities of 10, 50, 100, and 200 mA cm 2, the a-Fe-O-
P/NF electrode consistently exhibited the lowest overpotentials
(271, 304, 326, and 338 mV, respectively) among all tested
electrodes (Fig. 2a). Bare NF, as a support electrode, exhibited
a negligible current density (Fig. 2a), indicating that the
enhanced catalytic activity for the OER originates from RuO,
and the as-prepared electrocatalysts. In comparison with pre-
viously reported electrocatalysts for the OER in alkaline solu-
tions, the a-Fe-O-P/NF electrode exhibits comparable or even
superior electrocatalytic activity (Table S1, ESIT). The cycling
stability and durability of electrocatalysts are an important
indicator of their electrocatalytic performance. The a-Fe-O-P/
NF electrode showed an LSV curve after 1000 cycles that was
similar to the curve before cycling (Fig. 2¢c), suggesting that the
a-Fe-O-P/NF electrode has excellent cycling stability. Chrono-
potentiometry is a useful method for assessing the durability
of electrocatalysts. In this study, over the course of 87 h of
continuous electrocatalysis at a current density of 50 mA cm ™2,
the potential only slightly increased from 1.577 to 1.586 V vs.
RHE according to the chronopotentiometric curve (Fig. 2d).
This minimal change in potential reveals the long-term dur-
ability of the a-Fe-O-P/NF electrode.
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Fig. 2 (a) LSV curves of NF, RuO,/NF, Fe-MOF/NF, and a-Fe-O-P/NF
electrodes in 1.0 M KOH solution, (b) overpotentials at j values of 10, 50,
100, and 200 mA cm™2, (c) LSV curves of the a-Fe—O-P/NF electrode
before and after 1000 cycles, and (d) chronopotentiometry curve of the
a-Fe—O-P/NF electrode at a j value of 50 mA cm™2 for 86 h.
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The oxidation of ethylene glycol presents both economic
viability and environmental benefits, positioning it as a pro-
mising alternative to the OER in water electrolysis for H,
production. According to the LSV curves (Fig. 3a), when ethy-
lene glycol was added to the KOH electrolyte solution, the a-Fe—
O-P electrocatalyst demonstrated the highest electrocatalytic
activity for the EGOR in the three-electrode catalytic system at
high potential; in contrast, RuO, at low potential showed
the largest anodic current density. As shown in Fig. 3b, the
potentials at different current densities reveal the same result.
The electrocatalytic performance of the a-Fe-O-P electrocatalyst
was further measured in a two-electrode system. When EG was
added to the KOH electrolyte solution, the Pt/C/NF(—)//Fe-O-P/
NF(+) electrolyser showed a lower cell voltage at the same current
density in the LSV curves (Fig. 3c). This can be attributed to the
replacement of water oxidation by EG oxidation, which is further
confirmed by the absence of bubbles at the anode. Formic acid
produced from the EGOR was detected by high-performance
liquid chromatography (HPLC) (Fig. S6, ESIt). The Faraday
efficiency for formic acid at a current density of 50 mA cm >
was ~89.5% during continuous electrocatalysis over 12 h.
Hence, the replacement of the OER with the EGOR not only
promotes H, generation at a lower voltage but also yields value-
added products. The durability test was conducted in a mixed
solution containing 1.0 M KOH and 0.5 M EG, with the solution
being periodically replaced with a fresh one at 12-h intervals.
As electrolysis progressed, the current density gradually
decreased primarily due to the consumption of EG being
oxidized to formic acid; after replacing it with a fresh electrolyte
solution, the current density was restored, even after 24 h of
continuous catalysis (Fig. 3d), revealing the ultra-stability of
electrocatalytic activity.

The long-term durability of electrocatalysts is generally closely
related to the stability of their structure and composition.
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Fig. 3 (a) LSV curves of NF, RuO,/NF, Fe-MOF/NF, and a-Fe-O-P/NF
electrodes in a KOH—-EG mixed solution and (b) overpotentials atj values of
50, 100, and 200 mA cm™2, (c) LSV curves of Pt/C/NF(—)//a-Fe—O-P/
NF(+) in KOH solution with and without EG, and (d) chronoamperometry
curve of Pt/C/NF(-)//a-Fe—O—-P/NF(+) at 1.58 V with a change of the
electrolyte (0.5 M EG and 1.0 M KOH) at an interval of 12 h.
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However, in this study, the SEM image (Fig. S7, ESI}) revealed
morphological changes in the a-Fe-O-P electrocatalyst for the
durability of the EGOR for 36 h, including the collapse of the
hollow cage-like structure. Additionally, XPS analysis showed
the absence of phosphorus after catalysis (Fig. S8, ESIt). These
observations suggest that structural and compositional trans-
formations occur in the amorphous electrocatalyst during the
electrocatalytic process. We hypothesize that the actual active
species is defect-enriched FeO,(OH),, formed through the oxidation
of a-Fe-O-P under anodic conditions. Supporting this, the high-
resolution Fe 2p XPS spectrum (Fig. S9a, ESIt) revealed minimal
changes in Fe*" before and after catalysis, with the exception of a
weak broad peak observed in the low binding energy region,
consistent with previously reported studies on FeOOH.™* The clear
differences between the O 1s spectra in Fig S5c and S9b (ESIY)
confirm the formation of FeO,(OH),. The shift of the O 1s peaks to
higher binding energies, specifically at 530.4 eV and 532.1 eV after
catalysis, can be attributed to the Fe—O and Fe—OH bonds,*
respectively. Additionally, the peak at 535.5 eV likely originates
from adsorbed H,O molecules.

The reaction kinetics of these NF-supported electrodes was
evaluated from Tafel slopes according to the equation = a +
blog(j). Among them, the a-Fe-O-P/NF electrode showed the
smallest Tafel slope of 50.5 mV dec™' (Fig. 4a), indicating its
superior reaction kinetics for the catalytic OER process. The
Nyquist plots of a-Fe-O-P/NF were recorded at different over-
potentials to evaluate the electron transfer behaviour between
the electrode and the electrolyte (Fig. 4b). The inset of Fig. 4b
displays an equivalent circuit, where the R, represents the
charge-transfer resistance, reflecting the electrocatalytic kinetics.
As the overpotential increased from 250 to 300 mV, the semicircle
diameters of Nyquist plots progressively decreased, indicating a
gradual reduction in R.. This suggests that electron transfer at the
electrode-electrolyte interfaces becomes more efficient at higher
potentials. In Fig. 4c, the Nyquist plots of bare NF, Fe-MOF/NF,
and a-Fe-O-P/NF were recorded at an overpotential of 280 mV in
the 1.0 M KOH solution. The a-Fe-O-P/NF electrode exhibited the
smallest R, as indicated by the smallest semicircle diameter,
demonstrating that the a-Fe-O-P structure effectively facilitated
electron transfer from the electrode to the electrolyte.

The electrochemical active surface area (ECSA), a crucial
parameter for assessing the electrocatalytic activity, was deter-
mined by measuring the CV curves of the working electrodes in
a non-faradaic region (0.842-0.942 V vs. RHE) at varying scan
rates of 30, 60, 90, 120, 150, and 180 mV s~ (Fig. S10a-c, ESI7).

iy

N £
wes | 520
5™ -~
o
N

. 3 y
I . 10
0.3 o

1.2 1.5 1.8 2.1 o
logjl mA cm™ 0 10

2 Izoohm 30 40 0 10 20 30 40
Fig. 4 (a) Tafel plots of different electrodes in 1.0 M KOH solution at a
scan rate of 5 mV s% (b) Nyquist plots of the a-Fe—~O-P/NF electrode
recorded at different overpotentials, and (c) Nyquist plots of different
electrodes measured at an overpotential of 280 mV.
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A linear relationship was observed between the scan rates and
the Aj/2 (Where Aj = janodic — Jeathodic) Values at 0.892 V (vs. RHE)
for the a-Fe-O-P/NF, Fe-MOF/NF, and NF electrodes. In contrast
to the Fe-MOF/NF electrode, the a-Fe-O-P/NF electrode shows a
higher double-layer capacitance (Cyq)) value, as indicated by their
respective slopes (Fig. S10d, ESIT). The ECSA was calculated using
the formula ECSA = Cg/Cs, where Cg represents the specific
capacitance (assumed to be 0.040 mF cm 2 in the alkaline
solution)."® Based on this calculation, the a-Fe-O-P electrocatalyst
demonstrated a higher ECSA compared to both the Fe-MOF
electrocatalyst and NF. This increased ECSA can be attributed to
its rough surface, which is composed of small nanoparticles with
defect-rich structures, providing a significantly larger active sur-
face area than that of Fe-MOFs. These results highlight that the
a-Fe-O-P electrocatalyst offers more accessible catalytic sites for
the OER/EGOR, thus outperforming its counterparts in terms of
electrocatalytic activity.

This study developed a solution-based synthesis strategy to
successfully prepare amorphous Fe-O-P nanocages through the
phosphorization of Fe-MOFs (MIL-88A). Amorphous materials,
characterized by short-range order and long-range disorder, offer
abundant active sites, leading to their excellent electrocatalytic
performance. The research demonstrated that during the electro-
catalytic process, although phosphorus leached and the nano-
cage structure collapsed, the defect-enriched iron oxyhydroxide
(FeO,(OH),) served as the actual active species, enhancing the
performance of both the OER and the EGOR. Compared to
conventional water splitting, coupling the EGOR with the HER
reduced the cell voltage from 1.60 V to 1.50 V at a current density
of 50 mA cm™2, while producing value-added chemicals such as
formic acid. This electrocatalyst also exhibited good cycling
stability and long-term durability, making it a promising material
for efficient and energy-saving hydrogen production.
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