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ABSTRACT: The good performance of base metal catalysts for the electro- i foam FeCOLDINE
oxidation of organic pollutants has attracted great attention. However, base metal OO, erma P
phosphides for electrooxidation are seldom studied owing to the sluggish water é@%ﬁ'{;;a '

adsorption and dissociation dynamics, which will hinder the production of the .
sorbed hydroxyl radicals (M(*OH)) and thus inhibit the electrooxidation of I

organic pollutants. Herein, we proposed a universal strategy to improve the = 00 O:
electrooxidation capability of metal phosphides by modulating the surface electron o, 3‘0 .
densities. The electron interactions between cobalt (Co) and phosphorus (P) are o «‘};

modulated after iron doping, resulting in more positively charged Co and more
negatively charged P, which can promote the adsorption and activation of water
molecules and produce large quantities of M(*OH). Meanwhile, the experimental
results show that the iron-modulated Fe; s3Cog 4, P nanosheet arrays exhibit higher
removal efficiency of tetracycline than the boron-doped diamond and Pt anode at
low current intensity. Based on experimental results and density functional theory
+ U calculations (DFT + U), it is found that Feys;Co, 4P has lower barrier (0.4S eV) to form the sorbed hydroxyl radicals
(M(*OH)) and higher overpotential to produce O, than its counterparts, suggesting that Fe;s;Cog4,P can produce more
M(°OH) instead of O,. The above results highlighted the feasibility of these base metal phosphides for electrooxidation for
advanced water purification.
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1. INTRODUCTION

Hundreds of rivers around the world are flooded with excessive
doses of antibiotics."™® Antibiotic contamination makes
bacteria resistant to this life-saving drug. These drugs leak
into rivers and soil from human and animal excreta, wastewater
treatment plants, and pharmaceutical facilities. Antibiotic-
resistant bacteria can be found in many different environments.
This will threaten human health and ecological balance.
Common antibiotics can be divided into tetracycline, amino-
glycoside, quinolone, macrolide, and sulfonamide based on
their chemical structures. Among them, tetracycline is reported
to be one of the most widely used antibiotics. Although the
concentration of tetracycline in natural water is relatively low,
the pollutant is highly resistant to biological treatment.”* Thus,
it is essential to find an economical and efficient technique to
solve the problem of tetracycline contamination.
Electrooxidation as one of the most popular electrochemical
advanced oxidation processes can efficiently oxidize organic
pollutants.® It can produce hydroxyl radicals (*OH) on the
surface of the anode material (defined as M) by the water
oxidation reaction (eq 1). The sorbed hydroxyl radical
M(°OH) is a nonselective oxidant with high activity for
organic pollutants, and it can degrade organic pollutants until
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the ultimate oxidation state is reached (eq 2).” This process is
considered to be one of the most effective techniques for the
purification of wastewater with low concentrations of
recalcitrant organic pollutants.® Boron-doped diamond
(BDD) electrodes are known as the best anode material for
electrooxidation because they have high chemical stability and
can produce large quantities of M(*OH) (defined as *OH
adsorbed on the anode material), which can completely
mineralize organic pollutants.” However, the high cost and
scarcity limit their large-scale application.'’ Therefore, it is
essential to fabricate base metal electrocatalysts with high
activity and good durability for electrooxidation.

M + H,0 - M(OH) + H" + &~ (1)

M(*OH) + organics
— M + CO, + H,O + inorganic ions (2)
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Cobalt phosphide (CoP) has attracted considerable
attention because of its excellent electrical conductivity, hybrid
d orbitals, and versatile redox nature.''~"” Unfortunately, the
electrooxidation of organic pollutants by CoP is inactive in
acidic aqueous solutions because of the sluggish water
adsorption and dissociation dynamics, which is essentially
determined by its inherent structural nature.'® Although the
morphological engineering can improve the electrooxidation
ability of metal phosphides to a certain extent by increasing the
catalytic sites, it cannot essentially change the intrinsic catalytic
nature of metal phosphides. Recently, some researchers have
found that the oxygen evolution reaction (OER) activities of
the metal phosphides can be improved through the
introduction of other promoter species to form binary
phosphides. For example, Liang and co-workers doped Ni
into CoP to form NiCoP nanomaterials and the electrocatalyst
exhibited highly catalytic activity and long-term durability
toward OER."” In addition, Zhang et al. reported that Fe-
doped NiP nanosheets as highly stable electrocatalysts for OER
showed a low overpotential of 182 mV at 100 mA cm™%>° The
electrooxidation and OER process have many similarities.
Although the byproduct O, will be produced during the
process of electrooxidation of organic pollutants and leads to a
decrease in the efficiency of current utilization, it can be
avoided by selecting appropriate electrode materials and
potential. Therefore, we firmly believe that the electrooxidation
ability of metal phosphides can be improved by doping other
metal elements appropriately. It can produce more M(*OH)
instead of O, by appropriately regulating and controlling the
molar ratio of two different metals. Moreover, the under-
standing of the essences of electrooxidation of organic
pollutants under acidic conditions, especially at atomic levels,
is absent. Consequently, promoting the electrooxidation
capability of metal phosphides by rationally regulating the
electronic density of catalytic sites and unraveling the essences
of modulation mechanism is highly desired but challenging.
Besides, the binder-free self-supported electrocatalysts grown
directly on substrates can improve the intrinsic activity and
kinetics of electrooxidation through accelerating electron
transfer from electron-conductive substrate to electrocatalysts.
Therefore, it is worthwhile to design a self-supported
electrocatalyst for the electrooxidation process.

Here, we propose a facile and universal strategy to modulate
the electron densities of the catalytic sites of Fe,_.Co,P
nanosheet arrays on three-dimensional Ni-foam (NF) for
efficient electrooxidation and degradation of organic pollutants
by using iron as the modulator. The design principle is to
increase the positive charge of metal sites by iron
incorporation, which is conducive to adsorbing water
molecules and promoting H—O cleavage. The Fe-modulated
Fe,_,Co,P exhibits high electrooxidation ability and stability in
acidic media. The characterization methods, experimental
results, and density functional theory + U (DFT + U)
calculations further demonstrate that the surface electron
densities and d-band centers of Fe,_.Co,P can be effectively
modulated by Fe doping. The ability to manipulate the
electron densities and d band centers of the catalytic sites
through rational surface engineering can offer a new insight for
the development of highly efficient electrooxidation catalysts
beyond.

2. MATERIALS AND METHODS

2.1. Material Synthesis. 2.1.1. Synthesis of Fe;_.Co,
LDH/NF. A piece of NF (40 X 20 X 1.0 mm, 300 g m 2, LiZhi
Yuan, Taiyuan, China) was cleaned in acetone solution and
HCl solution (3.0 M) with sonication for 10 min, respectively,
and subsequently washed thoroughly with ethanol and
deionized water. Fe,_,Co,-LDH arrays with different Fe/Co
ratios (e.g,, 0/1, 0.29/0.71, 0.57/0.43, 0.71/0.29, 1/0) were
grown on NF by a simple hydrothermal process. First, 8 mmol
of NH,F, 10 mmol of urea, and 1.4 mmol of metal salt
(Fe(NO;);-9H,0 and Co(NO;),-6H,0) with different molar
ratios of Fe/Co were dissolved in 40 mL of deionized water to
form a homogeneous solution. Then, the pretreated NF was
immersed in an 80 mL Teflon-lined stainless-steel autoclave
containing the above solution, sealed, and maintained at 120
°C for 12 h. After natural cooling, the NF loaded with
Fe,_,Co,-LDH arrays was taken out and then washed with
deionized water and ethanol. Finally, it was dried at 60 °C
under vacuum, and the mass loading of Fe,_,Co,-LDH/NF is
~S mg cm ™2 All chemicals were of analytical grade.

2.1.2. Phosphorization of Fe;_,Co,-LDH/NF. The prepared
Fe,_,Co,-LDH/NF and NaH,PO, powder (1.0 g) were
placed, respectively, in two opposite positions of the tube
furnace in two quartz boats with the phosphorus source at the
upstream side. Then, they were heated to 350 °C with a ramp
rate of 2 °C min~"' and held at this temperature for 60 min
under the N, atmosphere. The mass loading values of the
Fe,_,Co,P catalysts are shown in Table S2.

2.2. Characterizations. The component and morphology
of electrocatalysts were characterized with energy-dispersive X-
ray spectroscopy (EDX) and scanning electron microscopy
(SEM). Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images were taken by a JEOL-
2100F electron microscope operated at 200 kV. X-ray
diffraction (XRD) was obtained on a Bruker D8 Advance X-
ray diffractometer (Cu Ka radiation, 4 = 1.54178 A). X-ray
photoelectron spectroscopy (XPS) spectra were recorded with
a Kratos ASIS-HS X-ray photoelectron spectroscope (15 kV,
10 mA). The element content was determined by inductively
coupled plasma mass spectrometry (ICP-MS, Thermo
Scientific iCAP6300) analysis.

2.3. Electrochemical Measurements. The electrooxida-
tion experiments were conducted in an open electrolytic cell
containing the prepared Fe, ,Co,P/NF anode and a carbon
felt cathode (30 X 20 X 5.0 mm). An aqueous solution (200
mL) of 70 mg L™ tetracycline hydrochloride containing 0.05
M Na,SO, as the electrolyte was performed to conduct the
electrooxidation experiments under different constant current
densities (6.25 and 12.5 mA cm™2) at pH §, and the air was not
bubbled into the system during the whole reaction process. All
tests for kinetics experiments and mineralization of contam-
inants in solutions were conducted under natural condition
and sampled in triplicate. The mean values with an error <
1.8% are shown in the figures. The samples are filtered with a
0.45 um filter, and it has been demonstrated to have no
intercepting effects for the tetracycline molecules. Then, the
samples are analyzed by the UV—vis absorbance at 357 nm.

The electrocatalytic performances of as-prepared electrode
materials were tested in a three-electrode system. Fe,_ ,Co M/
NF was used as the working electrode. A carbon rod and an
Ag/AgCl electrode were used as the counter electrode and the
reference electrode, respectively. Prior to recording the
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Figure 1. (a) Schematic illustration of the two-step method for synthesizing 3D network FeCo-LDH/NF and Fe,_,Co,P/NF electrodes and (b)
optical images of initial NF, as-prepared FeCo-LDH/NF, and Fe,_,Co P/NF, respectively.
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Figure 2. (a,b) SEM images of Feys3C0,4,P/NF, (c) distribution histograms of the thickness of Fe,s;Coo4,P/NF, (d) TEM images of pure
Fe53C0047,P compound, (e) HRTEM image and inset of the SAED pattern taken from the Fe,53Coq 4,P nanosheet, and (f) SEM image and EDS

element mapping of Fe, Co, and P for the Fe;s3Cog4,P nanosheet.

polarization curves, all prepared electrodes were activated by
the cyclic voltammetry test at 10 mV s™'. All voltages and
potentials were iR-corrected unless otherwise specified.
Polarization curves were obtained using linear sweep
voltammetry (LSV) curves at a scan rate of 5 mV s~
Electrochemical impedance spectroscopy (EIS) was performed
at —0.30 V versus reversible hydrogen electrode (RHE) from
100 kHz to 0.1 Hz. All the potentials were measured against
RHE.

2.4. Structural Optimization. All calculations in this
study were performed using the Vienna ab initio simulation
package.”””” We used the Perdew—Burke—Ernzerhof func-
tional for the projector augmented wave potential”**
exchange—correlation energy.”” The kinetic energy cutoff was
set to 400 eV. The k-point meshes were sampled based on the
Gaussian method. To minimize the undesired interactions
between images, a vacuum of at least 15 A was considered
along the z axis. DFT simulations performed were based on the
experimental crystal structure of CoP® (a = 5.077 A, b = 3.281

and

A, ¢ =5.587 A, ICSD collection code # 43249). The structures
of Fej,5Coy-sP and FeyCo, P were obtained by substituting
the cobalt atom within the unit cell with Fe atoms in all
possible geometries and selecting the most stable ones.
Chemisorption was modeled on the CoP, Fey,sCoy,sP, and
FeysCog P (101) surfaces. The surfaces were constructed as
the slab consisting of three layers within periodic boundary
conditions, separated by a 20 A vacuum layer. For these
calculations, three layers with a 2 X 2 X 1 k-point mesh were
used in the 2 X 2 super cells for CoP, Fey,;Co,-sP, and
Fey5CoqsP.

3. RESULTS AND DISCUSSION

3.1. Structural and Compositional Characterization
of Fe;_,Co,P/NF. The schematic diagram shows the prepared
process of the three-dimensional (3D) Fe;_,Co,P arrays on
NF substrates (Figure 1a). A range of Fe,_,Co, layered double
hydroxide (Fe,_,Co,-LDH) arrays with diverse Fe/Co molar
ratio are grown on NF by a simple hydrothermal process. It
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Figure 3. (a) XRD images of FeP, CoP, and Fe;5;Co,4,P; (b) high-resolution specific region XPS spectra for Fe, 3Co 4,P high-resolution specific
region XPS spectra of CoP, Fey,0Co7,P, Fe53Coy47P, and Fey;,Cog,0P in (c) Co 2p, (d) P 2p; and high-resolution specific region XPS spectra of
Fey53Co04,P in (f) P 2p, (g) Fe 2p, (h) O 1s, and (i) calculated PDOS of CoP and FeysCogsP (d): Co 3d orbitals and P p-orbitals.

can be clearly observed that Fe;,_ ,Co,-LDH with a nanosheet
structure is evenly covered on the smooth NF (Figures S1 and
S2). NF is often used as the substrate because it possesses
macropores and a 3D conductive network. Different color
Fe,_,Co,-LDHs are obtained on NF because of the different
content of Fe doping after the hydrothermal process (Figure
S3a). The Fe,_,Co,.LDH nanosheet arrays with a Fe/Co
molar ratio of 0.53/0.47 (defined as Fe, ¢;Coy4,-LDH/NF) are
interconnected and vertically grown on the NF framework,
which will increase the contact area between the catalyst and
electrolyte. There is no doubt that it will speed up the electron
transfer between reactants. Then, Fe,_,Co,P/NFs are obtained
by one-step heat treatment in the PH; atmosphere at 350 °C
for 60 min. The color of the sample turns black after
phosphating, which proves that Fe, s3Cog4,-LDH/NF has been
successfully converted into Fey3Co,4,P/NF (Figure 1b and
Figure S3b). From Figure 2a, it shows the uniform overlap of
the Fey3Co04,P/NF nanosheet arrays with a rough surface.
The catalyst is roughened and deformed, but Fe; ;Co, ,,P/NF
still retains the nanosheet structure by topological trans-
formation of FeCo-LDH/NF after phosphorization. Mean-
while, it can also be observed that the thickness of
Fe(53C0(4,P/NF nanosheet arrays is obviously reduced from
80—120 to 30—S50 nm after phosphorization (Figures 2b,c and
S$2d). It is interesting to note that the morphology of CoP/NF
has been changed from “flower-like” to nanosheet arrays with
the doping of iron (Figures S4—S7). The EDX spectroscopy
analysis was also used to determine the atomic ratios of Fe and
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Co in Fe,_,Co,P/NF, where the obtained Fe/Co ratio is
approximate to the mole ratio of original materials (Table S1).
The peak of nickel can be found in Figure S8. This is because
the catalyst used for characterization was scratched from the
NF loaded with the catalyst. Thus, the existence of metallic
nickel particles in the sample is inevitable. The same
phenomenon will also be found in the following XRD data.
The XRD patterns of the bare CoP, FeP, and Fe(5;Co 4P are
measured to study their crystal structures (Figure 3a). The
result shows that the diffraction peaks of Fej;Cog4,P move
slightly to higher angles compared to that of CoP because the
fringe lattice distances of the CoP crystalline lattice are altered
by the incorporated Fe atoms because of the disparity in the
atomic radii of Co and Fe. The peaks of nickel are also clearly
found at 44.5 and 51.8°. This is consistent with the EDX data.
The TEM images exhibit a sheetlike morphology of
Fey3C0(4,P. It can also be found that there is a layer of an
amorphous compound around the material, which can prevent
the inner Fej;Cog,,P from being corroded to some degree
and improve the electrocatalytic performance by promoting
the electron transfer between the inner metallic Fej;Cog4,P
and the outer layer (Figure $9).°"** The distinct particles can
be seen in TEM images because of the existence of nickel
particles. To eliminate the interference of nickel particles, pure
Fey53Co047P composite was synthesized without adding NF,
and the result shows that no distinct nickel particles are found
(Figure 2d). The clear lattice fringes with spacings of 2.1 and
1.8 A can readily correspond to the (220) and (111) crystal
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Figure 4. (a) Degradation efficiency of tetracycline by the Fe,_,Co,P/NF anode (pH = S), effect of applied current on different anode materials
(b) SO0 mA and (c) 100 mA, (d) degradation efficiency of tetracycline by Fe,_,Co,P/NF in the presence of 1,10-phenanthroline, and (e)
recyclability of Feys3Co,4,P/NF for the removal of tetracycline (pH = S). (f) Schematic illustration of water adsorption, water activation, and

oxygen generatlon processes.

planes of the Fe,;Coy4,P phase, respectively, which further
proves the generation of crystalline Fe3Cog4/P (Figure 2e).
Furthermore, the selected area electron diffraction (SAED)
pattern of Fe, i3Co, 4, P reveals the polycrystalline nature of the
Fe;53C004,P nanosheet (inset in Figure 2e) and the elemental
mapping further illustrates the homogeneous distribution of
Co, Fe, and P elements on the whole nanosheet (Figure 2f).
These results demonstrate that the Fe;Coy4,P/NF nano-
sheet arrays are successfully synthesized.

XPS is used for determining the surface composition and
oxidation state of Fey3Cog4,P, and the results further
confirmed the existence of Co, Fe, and P elements in the
Fe;53C004,P nanosheet (Figure 3b). As shown in Figure 3c,d,
the XPS spectra of P 2p can be deconvolved into three peaks
that are located at 129.1 eV for P 2p;,,, 129.9 eV for P 2p, 5,
and 133.2 eV for oxidized P species, respectively. In addition,
two main peaks at 793.2 and 778.8 eV can be assigned to Co
2py/, and Co 2p, 3, respectively, which are regarded as Co’.
Meanwhile, the peak at 781.8 eV in the Co 2p;/, region and
that at 797.9 eV in the Co 2p, /, region are regarded as oxidized
Co species (Co*"/3"). The other two peaks are satellite peaks.”
The Fe 2p spectra show two spin orbital doublets at 723.9 and
714.2 eV corresponding to Fe®" arising from the iron
phosphate (Fe—PO,), and the peaks at 718.0 and 710.7 eV
are attributed to Fe? deriving from the Fe—P bonding
structures (Figure 3e).’>*" The fact that the characteristic peak
of FeP is not observed in Fe 2p spectra indicates the existence
of a ternary Fe;;Cop,,P compound instead of a mixture of
two spin orbital phases.”” The O s spectrum can be
deconvolved into three peaks, including phosphorus—oxygen
bond (532.6 eV), adventitious C=0 functional group (530.8
eV), and metal—oxygen bond (529.1 eV) (Figure 3f).”> To
study the effect of iron doping on the electronic structure of
materials, materials with different contents of iron doping are
also tested. The peaks of Co 2p in Fe,_ Co,P shift toward the
high energy region after iron doping compared to that of Co
2p in CoP, and the peaks of P 2p in Fe, _,Co P shift toward the
low energy region after iron doping compared to that of P 2p
in CoP (Figures 3g—h and S10—S12). In other words, the
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binding energy of Co in Fe, ,Co,P is positively shifted, and
the binding energy of P is negatively shifted, indicating that the
electronic structure of Fe;_,Co,P has been changed, which
may have great significance in improving the electrooxidation
ability.**

To gain a better insight into the electronic structure
adjustment of Fe;3;Co, 4,P with Fe doping, the partial density
of states (PDOSs) of FeysCoysP (the Fe/Co ratio in the
calculation model is similar to that in the experimental material
Feys;Cop4;,P) and pure CoP are calculated by theory
calculation. To date, the band centers, band width, and
overlapping are often used to discuss the multiple roles of
electrocatalysts, including the catalytic activities, stabilities, and
the properties of catalysts.35’3’6 From Figure S13a, it can be
observed that Fe 3d orbitals are bonded to Co 3d orbitals after
Fe doping, suggesting a distinct electron transfer between Fe
and Co atoms. Furthermore, the peak of Co 3d orbitals in
FeysCoysP moved toward lower energy near the Fermi level
compared to that of CoP in the PDOS images, which was
consistent with the positive shift of the Co peak in XPS. It
further demonstrates that the electronic structure of
Feys3Co4,P with doped Fe has changed (Figure 3i).
Proverbially, the Fermi level can evaluate the capacity of
electron transfer on the catalysts surface. The high Fermi level
value means the strong electron-transfer ability.”>*” The Fermi
level value of FeysCogsP (2.2 €V) is higher than that of CoP
(1.6 eV), suggesting that iron doping can obviously enhance
the electron-transfer ability of Fe,sCoysP. This may improve
the production of M(*OH) on the surface of the electro-
catalyst. Meanwhile, the overlap of electronic clouds of Co in
FeysCogsP is evidently enhanced compared to that of pure
CoP (Figure S13b,c). The more overlap of electronic clouds
implies a higher degree of electronic communication with a
stronger metallicity. Moreover, the electron clouds gathered in
the direction of doped atoms, suggesting an improved bonding
capacity by doped Fe. It further demonstrates that the
electronic structure of Fey;CoysP with doped Fe was
successfully tuned, and the charge density of Co in
Fey5CoysP obviously increased after iron doping because the
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doping of iron will weaken the strength of the P—Co bond by
generating the P—Fe bond, which makes Co atoms more
positively charged and P atoms more negatively charged.”®
Considering that the water molecule is a polar molecule
consisting of an O atom with negative charge and two H atoms
with positive charge, the positively charged Co in Fe,sCo, P
will adsorb and activate water molecules by capturing oxygen
atoms. Therefore, Fe,;CoysP can efliciently improve water
adsorption and activation and will thus accelerate the
production of M(*OH).

3.2. Electrooxidation Performance of Fe,_,.Co,P/NF.
The kinetics of the degradation of tetracycline by anodic
electrooxidation to produce oxidants (such as M(*OH)) are
discussed based on the decay of tetracycline concentration. It is
generally known that the applied current has tremendous
influence on the degradation of the organic pollutant.
However, the exorbitant current can inhibit the degradation
efficiency because it will produce H,O by 4e™ reduction
instead of H,0, on the surface of the cathode and generate O,
instead of M(*OH) on the surface of the anode. Therefore, we
adopted the low current to study the degradation process in
this study. The results show that Fe;3Cog4,P/NF exhibits the
highest electrooxidation efficiency than its counterparts at the
current density of 12.5 mA cm™> (100 mA). As shown in
Figure 4a, 94% of tetracycline is removed by Fe(s;Coy 4,P/NF
in only 60 min, while only 88, 85, 80.5, and 83% are achieved
by Fey,,Coy,0P/NF, Fe;,0Coy7,P/NF, CoP/NF, and FeP/
NF, respectively. This is possibly because Fe; 5;Cog4,P/NF has
lower impedance and more active sites so that it can accelerate
the adsorption and dissociation of water molecules. Therefore,
the EIS measurements of Fe, ,Co,P/NF are performed at
different potentials from 0.01 Hz to 10 kHz with an amplitude
of 10 mV (Figure S14). The semicircles in the low- and high-
frequency range of the Nyquist plot are attributed to the
solution resistance and charge-transfer resistance (R.),
respectively. The R, of Fey;Cog4,P/NF is much lower than
those of CoP/NF, FeP/NF, and Fe;,,Coy,P under the
overpotential of 100 mV. It means that Fe;;Co,4,P/NF has
faster electron-transfer ability. Meanwhile, the electrochemi-
cally active surface area (ECSA) is also used to evaluate the
intrinsic activity of the Fe,_ ,Co,P/NF electrode. The area of
all electrodes and the mass loading of catalysts on NF, such as
Fey53C004,P/NF, Fey,,Coy-P, and CoP/NF, is almost the
same (Table S2). Therefore, the improvement of electro-
oxidation performance may be attributed to the increase of
ECSA. The ECSAs of FeP/NF, CoP/NF, Fe,, Cog,oP,
Fey3Coy4,P, and Fe(,0Coy,P/NF are determined by the
double-layer capacitance (Cy) and calculated from Cgy (see the
Supporting Information for details) (Figure $15).%° Interest-
ingly, the Cy of Feys;Coyu,P/NF (65.6 mF cm™, 1640.0
cmgcgy”) is still larger than those of CoP/NF (34.27 mF cm 2,
856.75 cmgcgs?), FeP/NF (17.6 mF cm™2, 440.0 cmgcga?),
Fey,0C007 P/NF (44.18 mF cm™ 1104.5.0 cmgcgy?), and
Fey-,C0g,0P/NF (52.5 mF cm™2, 1312.5 cmgcgy?). It suggests
that Fe3Coy4,P/NF has more electrochemical active sites.
Therefore, the improved electrooxidation ability of
Fe(53C004,P/NF compared to its counterparts could be
ascribed to large ECSAs and small electronic-/mass-transfer
resistances. Meanwhile, the adsorption of tetracycline by anode
materials and cathode materials is also considered, and the
results show that the adsorption capacity for tetracycline is very
low. The electrode is immersed in the reaction vessel for a
period of time when switching on or off the power. From

Figure 4a—d, it can be observed that only about 5% of
tetracycline is removed by adsorption in 60 min, and about 8%
of tetracycline is removed in 120 min (Figure S16a). However,
the removal efficiency of tetracycline can reach nearly 95%
after 60 min when the power is turned on. It demonstrates that
the effect of adsorption on the removal of tetracycline is
minimal in the electrooxidation process.

The comparison studies with other anode materials are
carried out at the current densities of 6.25 mA cm™ and 12.5
mA cm’?, respectively. As shown in Figure 4b,c, the
degradation rate and efficiency of tetracycline by the BDD
anode are higher than those of the NF anode and Pt plate
anode under the same experimental conditions. This is because
the BDD anode possessed a higher overpotential for OER than
NF and the Pt plate anode, which enabled it to produce more
hydroxyl radicals. In addition, BDD(*OH) is physically
adsorbed on the surface of the anode and easily oxidized to
organics, while Ni(*OH) and Pt(*OH) are chemically
adsorbed.*”*” It can be observed that the Feys3Coy4,P/NF
anode still exhibits higher electrooxidation efficiency than the
BDD anode, especially at low applied current. Perhaps the
reason is that it has a more appropriate overpotential, which
can produce more M(*OH) and enhance the electrooxidation
capability (reactions 1 and 2). Furthermore, the electro-
generated H,O, at the cathode by two electron reductions of
oxygen can further react with Fe’* released by Fey<3Coq 4P/
NF to generate homogeneous *OH (reactions 3 and 4). Apart
from dissolved oxygen in the aqueous solution, the OER could
also provide the required oxygen. It means that no additional
oxygen donor is needed to provide O, in this system unlike
other electro-fenton systems. There is no doubt that this
system is more sustainable and energy-saving. To further reveal
the effect of Fe" released from Fe,_,Co,P/NF, we compared
the degradation efficiency of tetracycline by Fe,_,CoP/NF
with the 1,10-phenanthroline method. The results indicate that
the removal efficiency of tetracycline slightly decreased when
1,10-phenanthroline is added to complex the soluble Fe*
(Figure 4d). It demonstrates that the Fe®" released by
Fe,_,Co,P/NF can slightly improve the degradation efficiency
of tetracycline by reacting with H,O, to produce homogeneous
*OH, but the removal efliciency of tetracycline by Fe, ,Co,P/
NF is strongly relied on the electrooxidation process. The
concentrations of Fe** released from Fe,_,Co,P/NF are
determined in Figure S16b. The low concentrations of Fe®"
released from Fe,_,Co,P/NF also implied that Fe, ,Co,P/NF
has excellent stability during the electrooxidation process.
From Figure S17a, it can be observed that the concentration of
H,0, generated increased with the increase of current density.
However, the faradaic efficiency (FE) (see the Supporting
Information for details) for H,O, production first increased
and then decreased, reaching the maximum at 100 mA. The
relatively low H,O, FE is probably caused by the production of
the H, byproduct as significant gas bubbles are observed
(Figure S17c), especially under such a high current
density.*' ~* The electrocatalytic hydrogen evolution reaction
activity of the carbon felt is also tested, and the result shows
that it needs 569 mV to reach the current density of 100 mA
cm™? (Figure S17b). This means that the cathode will produce
not only H,0, but also H, as a byproduct in the process of
electrooxidation. Therefore, it will reduce the FE for H,0,
production. The electrooxidation process is more concerned
with the electrochemical oxidation ability of anode materials,
and no additional oxygen is needed to add in the cell. Thus, it
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results in the low production of H,O,. Furthermore, the results
suggest that the oxidation of tetracycline by M(*OH) is fitted
with pseudo-first-order kinetic reaction in all cases (inset in
Figure 4b,c). Theoreticall, M(*OH) concentration is in a
quasi-stationary state because they are very reactive and cannot
be accumulated in the medium. It implies that the
contir71uously generated M(*OH) always reacted with tetracy-
cline.

0, + 2H" + 2¢” - H,0, (3)

Fe’™ + H,0, — Fe’" + OH™ + *OH (4)

The effect of pH on tetracycline degradation by using the
Fe(53C0y4,P/NF anode is minimal as shown in Figure S18a.
This further indicates that it is an electrooxidation process. It is
different from the traditional electro-fenton process which will
be affected by pH. Because natural wastewater has different
conductivities, we evaluated the tetracycline removal efficiency
at different electrolyte concentrations. Figure S18b reveals that
the removal efficiency slightly decreased at reduced electrolyte
concentration. To further validate the removal efficiency of
tetracycline in low-salt and high-salt natural waters, we carried
out simulation experiments with river water from Xiangjiang
River (Hunan Province in China) and simulated seawater. The
results suggested that tetracycline can be successfully removed
by the Fe(s3Coy4,P/NF anode. Furthermore, the
Fe;53C004,P/NF anode shows the same superior TOC
removal performance as the BDD anode (Figure S22a). The
maximum TOC removal rates of 74.2 and 66% are obtained
with the BDD anode and Fe, ;;Co, 4,P/NF anode after 8 h of
electrooxidation at the current density of 12.5 mA cm™
respectively. Much low TOC removal rates of 32.5 and 48.5%
are achieved with the Pt plate anode and NF anode under the
same conditions, respectively, suggesting that these latter
anodes have weak mineralization capacity for organic
pollutants. Generally, the strong oxidizing ability of the
Fe;3C0(4,P/NF anode is mainly derived from the produced
*OH or °0,". Therefore, radical scavenger experiments are
conducted to confirm which reactive radical plays a major role
in the electrooxidation process. tert-Butanol and isopropanol
are selected as scavengers to remove *OH. p-Benzoquinone
and 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL)
are selected as scavengers to remove *O,”. As presented in
Figure S19, the removal efficiency of the pollutant is slightly
decreased with the addition of p-benzoquinone and TEMPOL.
Particularly, the removal efficiencies are only 47 and 58% when
isopropanol and tert-butanol are added. It demonstrates that
*OH plays an important role in the electrooxidation process.
Generally, the superoxide anion radical can be produced when
oxygen obtains an electron in the cathode (reaction 5).** The
superoxide anion radical can further generate H,0O, (reaction
6), and the produced H,0, can react with Fe?* released by
Fe;53C0o47P/NF to produce homogeneous *OH (reaction 4),
which can further oxidize tetracycline. Moreover, the standard
reduction potential of the superoxide anion radical (—0.33 V vs
NHE) is smaller than that of H,0, (1.78 V vs NHE)." It
means that H,O, has stronger oxidation ability than the
superoxide anion radical. However, the removal efficiency of
tetracycline by H,0, is less than 5% in our system (Figure
S20). Therefore, tetracycline cannot be degraded by the
superoxide anion radical because of the low oxidation ability.
The superoxide anion radical can indirectly increase the
production of *OH by generating H,0,, but it will not directly

participate in the reaction to oxidize the organic pollutant. The
concentration of ferrous ions released by Fe;;Cog4,P/NF is
low (Figure S16b). This leads to a low yield of “OH by the
superoxide anion radical. Therefore, the removal efficiency of
tetracycline is slightly decreased when TEMPOL and p-
benzoquinone are added to remove the superoxide anion
radical because the production of *OH is decreased. The
production of *OH is mainly derived from anodic oxidation
(reaction 1) in the electrooxidation process, and it can also be
observed that the removal efficiency of tetracycline is greatly
decreased when isopropanol and tert-butanol are added.
Therefore, tetracycline is mainly degraded by *OH in the
electrooxidation process.

0, +e = °0,” ()
20,” + 2H" — 0, + H,0, (6)

The Fe, s3Co, 4,P/NF electrooxidation is also applied for the
removal of other refractory organic pollutants. Dimethyl
phthalate, one of refractory and toxic organic compounds, is
chosen as the targeted contaminant. As presented in Figure
S21, the high removal efficiencies of 71 and 69% are obtained
with the BDD anode and Fe,;Coy4,P/NF anode after 120
min of electrooxidation at the current density of 12.5 mA
cm™?, respectively. Much lower removal efficiency of 30% is
achieved with the Pt anode under the same conditions. The
corresponding MCE values for the trials of Figure 4c are given
in Figure S22b. Similar high MCE values are obtained by both
BDD and Fe;53Co,4,P/NF anode because of the high TOC
removal efficiencies achieved for both anodes. Both BDD and
Fey53C0y.4,P/NF anodes achieve nearly 80% of the MCE value
at early electrooxidation, whereas lower MCE percentages of
47.5 and 23.75% are obtained with NF and Pt plate anodes,
respectively. It further proves that Fe,s3Cog4,P/NF has high
potential and effectiveness in the electrooxidation treatment of
organic pollutants. Another important factor in anode
comparison is the electrical energy consumption (EC). As
shown in Figure S22¢, the EC values are both high for the Pt
plate and NF anode because of their smaller mineralization
capacity. Feys53Coy4,P/NF and BDD anodes gave similar
results. Therefore, it can be concluded that the Fej;Co 4P/
NF anode is an excellent substitute for the BDD anode in
electrooxidation wastewater treatment. The stability of the
activity of the Fe;3Coy4,P/NF anode is also studied by cyclic
experiments (Figure 4e). The results exhibited excellent
removal efficiency for tetracycline even after five treatments,
indicating a good stability of the Fe,3Co4,P/NF anode. The
surface morphology and chemical state of the Fe(,,Co,,,P/NF
anode after recycle experiments are conducted, and the results
show that the surface morphology and chemical state of the
catalyst are almost unchanged (Figures S23 and S24).
Meanwhile, the reaction solution after first three cycles is
also tested by inductively coupled plasma-optical emission
spectrometry (Table S3). It can be found that the leakage of
iron, cobalt, and phosphorus from the Fe,3;Co,4,P/NF anode
is very low. These results further demonstrate that the
Fe53Co0.4,P/NF anode has high stability.

3.3. OER Activity of Fe,_,Co,P/NF. It is generally known
that the reported OER activity of Fe-based electrocatalysts in
acidic solution is much weaker than that in basic solution
because they are instable and easily corroded in acidic
condition.*® The electrooxidation experiments of Fe,_ .Co,P/
NF are carried out in acidic solution (pH S). Therefore, the
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electrocatalytic activity toward the OER of Fe,_,Co,P/NF is
also studied in acidic solution to reveal the interrelation
between electrooxidation and OER. Fe,_,Co,[P/NFs are
directly used as the binder-free working electrode in a three-
electrode electrochemical system. As shown in Figure Sb, the
Fe(,9C0y7 P/NF electrode exhibited excellent electrocatalytic
activity toward OER with a lower overpotential (594 mV),
which is much lower than that of Fey,;Cog,oP/NF (679 mV),
Fe;;Cog4,P/NF (639 mV), bare CoP/NF (700 mV), and
FeP/NF (720 mV) at the current density of S0 mA cm™ (77,),
suggesting that Fey,0Co,,,P/NF can catalyze the OER process
with very high energy efficiency. These results further validate
the previous hypothesis that the electrooxidation ability of
Fes3Coy4,P/NF is higher than that of Fey,9Coy,P/NF
because Fe;;Co,4,P/NF has high OER overpotential and can
produce more M(*OH) instead of O,.

To further reveal the underlying mechanism, the DFT + U
computations are used to analyze the overpotential and Gibbs
free energy of reaction coordinate steps for OER based on the
4e” mechanism of water oxidation proposed by Norskov (see
the Supporting Information for details).*” The Co site played a
crucial role in Fe,_,Co,P for OER catalysis, and there are many
Co sites with unsaturated coordination in the edge of layered
bimetallic phosphide nanosheets. Therefore, the Co site in the
(101) crystal plane is considered as the main active site of
Fey,5Coy7sP and FeysCoysP for DFT + U computations. The
corresponding Fe(Co, P structures and proposed 4e”
mechanism of water oxidation are shown in Figure Sa. The
free energy diagrams of the reaction intermediates in the Gibbs
free energy are displayed in Figure Sc. The intermediates, such
as *OH, *O, and *OOH, are bound to the active site by
oxygen with a single bond in consistent with the above-
mentioned 4e” mechanism. The Gibbs free energy difference
values of the first step of Fe,sCo, P (AG; = 0.56 eV) is lower
than that of Fey,;Coy,sP (AG; = 1.27 eV), suggesting that
Fey,5Coy7sP needs a smaller overpotential to drive water
oxidation to produce hydroxyl radicals. Meanwhile, the Gibbs
free energy difference values of the third step of FeysCo,sP
(AGy; = 2.07 eV) are higher than that of Fey,5Coy7sP (AGyy =
129 eV). It is also consistent with the higher calculated
overpotential for FeyCogsP (0.84 V) (Figure 5d). This step is

considered as the rate-determining step for the OER process,
which is the same for these two electrocatalysts.***’ In other
words, the lower barrier for the production of M(*OH) and
higher barrier to generate O, means that FeyCo, P can
produce more M(*OH) instead of O, compared with
Fe;,5Coy7sP under the same overpotential condition. These
results also suggest that the electronic structure of Fe,Co, P
is modulated by Fe doping, which can optimize the adsorption
energies of the OER intermediates. Therefore, Fe doping can
modulate the electronic structure, increase the ECSA, and
improve the electrical conductivity of FeysCo,P, thereby
resulting in the enhancement of electrooxidation ability.
Moreover, it can also produce more M(*OH) instead of O,
by appropriately regulating and controlling the mole ratio of
Fe/Co and the voltage applied. The schematic diagram in
Figure 4f explains the promotion effect of Fe doping in
improving the adsorption and activation of water molecules for
efficient production of M(*OH).

In this study, Fe doping is demonstrated to significantly
improve the electrooxidation ability of Fe;;Coy4,P by
rationally modifying the electron densities of catalytic sites.
XPS and DFT calculation consistently elucidated that Fe
doping can effectively optimize the electronic structure of
Fey53Cog4,P. It makes Co positively charged and P negatively
charged, which can promote water molecule adsorption and
activation. This caused the Fejs3Cog4,P anode more likely to
produce sorbed hydroxyl radicals to degrade pollutants.
Moreover, unlike most conventional electro-fenton oxidation
process that had strong pH limitations for organic removal, the
prepared self-supported Fe,s3Coy4,P/NF anode exhibited
superior removal efficiency of pollutants in all-pH conditions
during the electrooxidation process. In summary, this study can
shed new light on how to design advanced anode materials for
electrooxidation and other applications.
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