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Developing bifunctional electrodes for oxidation catalysis is highly desirable for hydrogen and value-added
chemicals production. Herein, we directly activate the nickel foam through the incorporation of elemental P
(P-NF) using a facile, controllable, and ultrafast in-liquid plasma electrolysis approach. When serving for oxygen
evolution reaction (OER) in 1 M KOH at room temperature, the optimized P-NF can afford 500 mA cm 2 at 350
mV, and stabilize this current density for over 120 h. Remarkably, the electrode maintains a stable industrial-
grade current density in an assembled electrolyzer under quasi-industrial conditions (60 °C and 6 M KOH) for
over 107 h. The combination of ex/in-situ characterizations and theoretic calculations unequivocally illustrates
that P-incorporation induces an elevated electrode porosity and wettability, increased and immobilized Fe im-
purity doping, as well as enhanced conductivity, forming active Fe-doped y-Ni'"OOH during OER. The practical
bifunctionality of P-NF is additionally verified with selective oxygenation of organics forming value-added

chemicals.

1. Introduction

The gradually emerging green hydrogen (Hy) fuel with high energy
density is regarded as an effective alternative to traditional fossil fuels
[1-4]. Generating high-purity Hy fuel by sustainable and
environmental-friendly water electrolysis has gained global research
interest, while its kinetically sluggish anodic oxygen evolution reaction
(OER), involved in the complex four-electron/proton-coupled transfer,
is considered as the bottleneck half reaction limiting the efficiency of
water electrolysis [5-9]. In analogy to OER, the anodic selective elec-
trooxidation of organic compounds also tends to be based on a
multi-step electron transfer process, which can produce value-added
chemical products with water as the oxygen source in a more efficient

and greener way [10,11]. Therefore, uncovering economically- and
environmentally-friendly bifunctional anodic electrocatalysts that can
catalyze the oxidation of water and organic substrates into oxygen and
value-added chemicals, respectively, is of the highest importance both
for fundamental research and industrial applications [12-14].
Currently, the most practically commercialized water electrolysis
devices are the alkaline water electrolyzers (AWEs), in which the anodes
are usually made of low-cost Ni and its alloys (e.g., Raney nickel),
exhibiting moderate working performance [15,16]. Despite extensive
efforts devoted to designing emerging transition metal (TM)-based ma-
terials as both cheap and active catalysts (electrodes) for OER, the ma-
jority of them can only be effective under laboratory conditions rather
than in more harsh industrial water electrolyzers (elevated temperature
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of 60 °C and electrolyte concentration of 6 M KOH, as well as delivering
a current density of 200-400 mA cm?) [16,17]. Among them, owing to
the three-dimensional macroporous feature, good mechanical strength,
and superior electrical conductivity, nickel foam (NF) has been widely
utilized as substrates integrated with the catalysts as electrodes in water
electrolyzers [16,18,19]. More intriguingly, by using calcination, hydro
(solvo)thermal synthesis, gas-phase plasma treatment, and ambient wet
chemical methods, NF can also derive various Ni-based compound cat-
alysts on its surface [20-24], functioning as excellent water splitting
electrodes. In fact, Mullins et al. even found that bare NF with a hier-
archically porous structure can directly serve as an OER electrode in
unpurified 1 M KOH, which in-situ reconstructed into highly active
NiOx(OH)y through Fe-impurity doping from the electrolyte showing
moderate activity [25]. Following a series of previously reported valu-
able works, it is worth mentioning that under alkaline OER conditions,
the incorporation of more Fe-impurities (< 10%) from KOH into the Ni
film can facilitate the transformation into Ni;_xFeOOH with higher
activity [26-29]. However, owing to the detrimental working environ-
ment, highly oxidizing reaction conditions, inferior chemical robustness,
as well as relatively poor intrinsic conductivity, such Ni-based com-
pounds (deriving from the surface of NFs) have been rarely reported to
show satisfactory OER performance at higher current densities and
under (quasi-)industrial conditions [16,17].

Recently, heteroatomic P incorporation represents one of the most
promising approaches to improving the activity and stability of TM
catalysts for water electrolysis, which can effectively modulate the
electronic structure, improve electronic conductivity, as well as enhance
chemical stability and corrosion resistance of the catalysts [16,30-34].
Based on these points, the incorporation of P atoms into NF, i.e., (near)
surface metallic Ni layer, is expected to enable an exceptional catalytic
ability for water oxidation, even under harsh industrial environments.
Moreover, such modified NF might also be suitable for the efficient
electrooxidation of organic substrates undergoing an anodic catalytic
process similar to OER. To our knowledge, such activated
heteroatom-incorporated NF electrodes have not been reported so far,
probably due to the lack of an appropriate fabrication method because
TM phosphides are more easily formed as unwanted by-products when
incorporating P into unstable TM host lattice [33]. Considering that
NF-derived NiyPy phosphides were typically obtained by reacting the
metallic Ni with PH3 vapor via pyrolysis, in principle, lowering the
amounts of phosphorus source (e.g., sodium hypophosphite) could
realize P-incorporation [20,32,35,36], yet such a long-term thermal
treatment increases the complexity and contamination, not conducive to
practical applications. In this context, the ultrafast in-liquid cathodic
plasma electrolysis (CPE), in which the metallic substrates as cathodes
are immersed into a certain electrolyte and processed by continuous
sparking under a relatively high applied voltage, could provide an
effective solution [37-39]. This is based on the fact that CPE can harden
various metallic substrates by driving different elements into the surface
metal lattices within a very short period of time (a few minutes) with
increased surface roughness and porosity [37,38,40]. Nevertheless, so
far CPE has not been adopted to drive P atom diffusion into metallic
substrates, and hence such a versatile approach could be highly inter-
esting to activate NF for practical water electrolysis.

In view of the above introduction, the following research questions
arose, which have been addressed in this work: i) can one rapidly and
controllably incorporate P atoms into the (near)surface of NF using the
CPE method?; If so, ii) what is the effect of the P atom-incorporation
strategy?; ii) Can the P-incorporated NF be used as electrodes for effi-
cient OER?; If yes, iv) are such treated NF capable of robustly operating
and remaining stable under (quasi-)industrial electrolysis conditions?;
v) Will the OER-driven reconstructed surface-active structure of this
CPE-treated NF be similar to that of bare NF?; vi) Can we extend this
approach to anodic electrooxidation of organic substrates to obtain
value-added products?

In response to these questions, for the first time, we employed the

CPE method to successfully activate the NF by incorporating P atoms
into its (near)surface metallic Ni layer, where different CPE durations
can linearly modify the extent of P incorporation within merely a few
minutes. Compared with the untreated NF, the treated P-NF exhibited
distinctly elevated electrical conductivity, improved surface porosity
and wettability, and better adsorption ability of impurity Fe ions from
KOH electrolyte. Thus, the P-NF prepared at an optimized CPE time (10
min) can drive and maintain 500 mA cm 2 at only ~350 mV over-
potentials for over 120 h under ambient laboratory conditions (room
temperature and 1 M KOH). In particular, when serving as an anode for
a quasi-industrial water electrolyzer (60 °C and 6 M KOH), it can reach
the same current density at a cell voltage of only ~1.72 V (far beyond
the current industrial criterion) [17], and further maintains this
industrial-grade current density up to 107 h. By using a combination of
ex/in-situ characterizations we could reveal that during the OER process,
the anodic oxidation and leaching of P resulted in an increased surface
porosity of P-NF, which contributed to stabilizing Fe dopants at the
surface, thus achieving a complete surface reconstruction into highly
active Fe'"-doped y-Ni"'OOH. Conversely, bare NF with a relatively
more smooth surface cannot immobilize any Fe dopant at the electrode
surface during OER, where only pure y-Ni""OOH was formed, while the
doped Fe atoms merely existed in the near-surface region of the bare NF
electrode, hardly participating in catalysis process. This accounted for a
much higher catalytic performance of CPE-treated P-NF during
long-term water oxidation. In addition, we demonstrate that the
P-NF-based anode can be employed to oxidize furan-2-carboxaldehyde
and acetaldehyde (CH3CHO) into furan-2-carboxylic acid and acetic
acid, respectively, with high efficiency and selectivity, verifying its su-
perior bifunctional oxidation activity.

2. Experimental section
2.1. Chemicals and materials

Deionized water was used to carry out all the experiments.
Commercially available potassium hydroxide (1 M KOH, Fe was ~0.05
ppm determined by ICP-AES), ethanol, hydrochloric acid (HCl, 30%,
suprapure), and 5 wt% Nafion were obtained from Sigma Aldrich.
Selected iridium oxide (IrO3), platinum (20%) on carbon black (20% Pt/
C), and sodium hypophosphite (NaH,PO, H;0) were purchased from
Alfa Aesar. The electrode substrates nickel foam (NF) was obtained from
Recemat BV.

2.2. Preparation of P-NF with different catholic plasma electrolysis (CPE)
time

The CPE method was employed in the present work for P-incorpo-
ration into bare NF, and the optical image of such a plasma electrolysis
setup can be found in Fig. S1. Also, a detailed introduction to the
approach has been elaborated in the section “Supplementary details of the
cathodic plasma electrolysis (CPE) method” and Fig. S2 in Supporting In-
formation. Briefly, P-NF was fabricated in a double-walled glass cell
containing 200 mL of 0.01 M NaHyPO,, where stainless steel plate
(dimension: 20 mm x 20 mm x 2 mm) was used as a counter electrode
and Ni foam (diameter: 8 mm) as a working electrode. Before the
measurement, NF was ultrasonically cleaned in 1 M HCl and ethanol for
10 min, respectively, and then rinsed with deionized water and dried in
a stream of warm air. A water-cooling system was used to control the
temperature of the electrolyte between 30 and 50 °C. A maximum
voltage (630 V) from the DC power supply (TDK-Lambda programable,
GEN600-1.3/E, 1 U, 780 W, RS-232/RS-485) was applied to synthesize
the catalyst. After the experiment, the prepared electrodes were thor-
oughly rinsed with deionized water and dried in an N3 gas flow. The NF
was treated by CPE for 1, 5, 10, and 15 min and was denoted as P-NF-1,
P-NF-5, P-NF-10, and P-NF-15, respectively, in the current work. Note
that these P-NF electrodes were fabricated by diffusing P atoms into the



near-surface region of bare NF substrates, where their mass barely
changed after P incorporation.

2.3. Preparation of NiPt3 @NiS, Pt/C, and IrO; on NF

The preparation detail of NF-supporting NiPt3@NiS, Pt/C, and IrO; is
provided in the Supporting Information.

2.4. Characterization

Powder X-ray diffraction (PXRD), scanning electron microscopy
(SEM) with energy-dispersive X-ray (EDX) mapping (also coupled with a
focused ion beam, FIB), transmission electron microscopy (TEM), con-
tact angle (CA), X-ray photoelectron spectroscopy (XPS), and quasi-in-
situ Raman characterizations were employed in the current work and
their details have been elaborated in Supporting Information.

2.5. Electrochemical measurements

Electrochemical measurements were carried out in a standard three
or two-electrode system in laboratory conditions (1 M KOH and room
temperature) and industrial conditions (6 M KOH and 60 °C) controlled
by a potentiostat (SP-200, BioLogic Science Instruments) equipped with
the EC-Lab v10.20 software package. The synthesized samples were
utilized as the working electrodes, while Pt wire (0.5 mm diameter x
230 mm length; A-002234, BioLogic) and Hg/HgO (CH Instruments,
Inc.) served as the counter electrode and reference electrode, respec-
tively. Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
chronopotentiometry (CP) experiments were carried out with an applied
iR compensation of 85%. The CV and LSV tests were performed at a scan
rate of 5 mV s 1. All measured OER potentials in laboratory conditions
were calibrated with respect to a reversible hydrogen electrode (RHE)
based on the following equation: E(RHE) = E(Hg/HgO) + 0.098 V +
(0.059 x pH) V. When assembling two-electrode cells for overall water
splitting test, the as-reported NiPt3@NiS on NF was employed as the
cathode.

Tafel slopes were determined by steady-state measurements through
chronoamperometry (CA) with a stable potential of 5 min from an in-
terval of 15 mV. The average current values obtained at each potential
were used for the calculation of Tafel plots. To assess the electro-
chemical double-layer capacitance (Cq), CV was performed at a non-
Faradaic voltage region. Given that Cq is linearly proportional to elec-
trochemically active surface area (ECSA), we have normalized the cur-
rent values to their Cgq [12]. The electrochemical impedance
spectroscopy (EIS) was recorded at 1.52 V (vs. RHE) to attain the Nyquist
plots. The amplitude of the sinusoidal wave was determined in a fre-
quency range of 100 kHz to 1 mHz. The Faradic efficiency (FE) was
calculated by comparing the amount of experimentally produced O3 and
that of theoretically calculated gas according to the Faradic equation:
FE= (4 *V*F) / (V*Q). V, F, Vy,, and Q represent the volume of
experimentally evolved Oy (mL), Faraday constant (96485 C mol'l),
molar volume (24.5 L mol 1, RT), and the total amount of electrical
charge (C), respectively. The amount of evolved gas was measured by
the drainage method at a constant current of 50 mA for 3600 s [6]. The
turnover frequency (TOF) was calculated through the equation, TOF
(s H= (j x Np) / (z x F x n), where z = 4 for OER, while j, Na, F, and n
represent the current density (A cm 2), Avogadro number (6.02 x 1023),
Faraday constant (96485 C mol 1), and the number of electrochemically
redox active sites (Ni) participating in the OER process, respectively
[12].

2.6. Bulk electrolysis of organic substrates and product analysis
Bulk electrolysis was performed under constant potential (1.49 V vs.

RHE) in a three-electrode cell set-up the same as OER tests, where 10 mL
of 1 M KOH was used as the electrolyte with the addition of 0.1 M

desired organic substrates. The reactivity and the corresponding organic
product formation during the electrooxidation reaction of different
substrates were analyzed by 'H nuclear magnetic resonance (‘H NMR)
spectroscopy in a 400 MHz JEOL NMR instrument and quantified with
dimethyl sulfone (0.166 mmol) as an internal standard. All the spectra
were analyzed in MestReNova software. Each spectrum consisted of a
sharp peak at 4.7 ppm associated with residual H,O (aqueous solution of
1 M KOH) and chemical shift values of the protons of the organic
compounds were assigned accordingly and compared with literature
values of the known compounds. The organic compounds are quantified
(chemical conversion) by calculating the relative intensity of the proton
signals. Chemical conversion and FE were calculated following
equations:

Chemical conversion (%) = [n (product) / n (internal standard)] -
100%;.

FE (%) = [n (product formed) - ne - F / (Q)] - 100%, where F, n, ne,
and Q represent the Faraday constant (96 485 C mol 1), the mol of
product quantified from 'H NMR, the electrons needed for the oxidation
process, and the charge (coulombs) passed through the solution.

2.7. Theoretical calculations

Density functional theory (DFT) calculations were utilized to eluci-
date the total density of state (TDOS) and adsorption energy towards Fe
(AEge). The associated details can be seen in Supporting Information.

3. Results and discussion
3.1. Characterizations of as-prepared P-NF electrodes

Fig. 1a illustrates the synthesis of the P-NF electrode through CPE,
where bare NF and stainless steel were employed as cathode and anode,
respectively, in an 0.01 M NaH2PO,-H20 electrolyte. Under the applied
cathodic potential, the plasma was continuously glow discharged at the
surface of the NF electrode within a short period of time (1, 5, 10, and
15 min, denoted as P-NF-1, P-NF-5, P-NF-10, and P-NF-15), converting
the hypophosphite anions into elemental phosphorus, and diffusing
them into the surface metallic Ni lattices. As a consequence, the as-
treated NF turned black, indicating the formation of P-incorporated
NF (optical image and the associated crystalline structures are shown in
Fig. 1b). At the same time, DFT calculations reveal the incorporated P
atoms tend to partially substitute the Ni atoms rather than penetrate into
the lattice interstitials of the metallic Ni matrix (Fig. 1b and Fig. S3). The
successful incorporation of P atoms into bare NF surface has been
confirmed with a series of experimental characterizations, including
(FIB-)SEM with EDX mapping, PXRD, as well as surface and depth
profiling XPS. As the activity of P-NF was found to be maximum after 10
mins of CPE treatment (see OER activity section), the details of char-
acterization have been only discussed for P-NF-10. The as-obtained
SEM-EDX findings for P-NF-10 disclose that 7% P atoms (from surface
EDX) were homogeneously introduced into the NF with a depth of
around 1.5 ym (Fig. 1c e, Figs. S4 S6, and Tables S1 S2). It is worth
noting that P-NF-10 samples fabricated at different batches exhibit
almost identical SEM together with the associated EDX results, corrob-
orating the high reproducibility of our CPE method (Figs. S7 S8, and
Table S3). In addition, from the PXRD pattern of P-NF-10, no new peaks
were observed except the diffraction peaks of the corresponding NF
(PDF#04-0850), illustrating that the introduction of P atoms did not
distinctly modify the crystalline structure of the host NF material, in
agreement with the previous reports [32]. Nevertheless, the careful
examination revealed that in comparison with that of bare NF, the
diffraction peaks assigned to the (111) facet of the Ni phase of P-NF-10
slightly positive shifted (Fig. 1 f). This is consistent with the results of the
aforementioned DFT calculations and related previous reports, that is, P
atoms with a smaller atomic radius partially substituted the relatively
larger Ni atoms, leading to a lattice contraction [30,33]. This can be
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Fig. 1. (a) The schematic illustration of the CPE treatment for bare NF; (b) Optical images of bare NF and P-NF treated by CPE, as well as their corresponding surface
crystalline structure, i.e., pure metallic Ni, as well as P incorporated metallic Ni (the model a of P-Ni, and the other models of P-NF are shown in Fig. S3). Note that
the blue and red spheres represent Ni and P atoms, respectively; (c) Cross-sectional FIB-SEM image of P-NF-10 with the associated EDX elemental mapping of (d) Ni,
and (e) P. (f) PXRD patterns of P-NF-10 and bare NF with the magnification of the diffraction peaks assigned to Ni (111) facet; Surface and depth profiling (at ~3 nm)

XPS spectra of (g) Ni 2p3/,, and (h) P 2p for P-NF-10.

further verified by identifying the lattice fringe of P-NF-10 (0.174 nm,
assigned to (200) crystal facet of metallic Ni) via high-resolution (HR)
TEM characterization that was a little smaller than the theoretic value
(0.176 nm, PDF#04-0850) (Fig. S9). Besides, the successful P-incorpo-
ration can also be corroborated by comparing the high-resolution Ni
surface XPS spectra for bare NF and P-NF-10 (Fig. S10). Note that
although P-Ni was partially oxidized due to air and electrolyte exposure
(forming NiO,Hy species and PO,), the depth profiling elaborates that
the deeper the electrode region, the more incorporated elemental P with
the less oxidized species (Fig. 1 g h) [25,41].

Since the incorporation of P into NF triggered the formation of a
porous surface (Fig. 2a b and Figs. S11 S12), the corresponding sur-
face wettability and electronic structure were further investigated. P-NF-
10 displayed superhydrophilicity with a CA of 0°, while the untreated
bare NF had a hydrophobic surface (CA = 121.8°) (insets of Fig. 2a b).
Consequently, the contact and penetration of electrolyte towards P-NF

were tremendously elevated, which can facilitate the utilization of
active sites of P-NF [20,25]. Accordingly, more access was offered to Fe
impurities from the electrolyte to diffuse into the P-NF surface during
OER. Indeed, the presence of incorporated P can also promote and
facilitate the uptake of impurity Fe in the electrolyte, which is sub-
stantiated by our theoretical calculations on the adsorption ability to-
wards Fe atoms of the above-established P-incorporated metallic Ni and
pure metallic Ni models. P-Ni with various P-incorporating states show
significantly optimized AEp. than pure Ni metal, confirming their
improved surface adsorption capability towards Fe atoms (Fig. S13 and
Fig. 2¢). As aresult, in the utilized unpurified 1 M KOH media, the redox
peaks in the cyclic voltammetry (CV) curve of P-NF-10 shifted positively
compared with those of bare NF, which can usually be observed for Ni
film catalysts in electrolytes with higher Fe contents (Fig. S14) [25,28,
29]. Additionally, as reflected by the calculations of TDOS, P-NF
exhibited a significantly increased electron number around the Fermi
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level compared to pure metallic Ni, suggesting that the activated P-Ni
layer had a strong positive effect on conductivity (Fig. 2d and Fig. S15)
[20].

3.2. Electrocatalytic OER performance

The electrochemical OER performance of CPE-induced P-NF-10, as
well as with the reference samples, including noble metal IrO, deposited
on NF (IrOy/NF), and a bare NF electrode (metallic Ni is usually applied
as electrodes in the industrial AWEs), were also evaluated under labo-
ratory conditions (1 M KOH and room temperature) via a standard three-
electrode cell [42]. The LSV curves of P-NF-10 delivered 100 and
500 mA cm 2 current density at an ultralow overpotential of only ~297
and ~350 mV, respectively, which was much superior to the IrOy/NF
and bare NF (Fig. 3a). The obtained catalytic activity also outperformed
the majority of the previously reported NF and other metal foam-derived
electrodes for alkaline OER (Table S4). Simultaneously, the excellent
electrocatalytic kinetics of P-NF-10 could be verified by its small Tafel
slope value of 40.9 mV-dec™! (Fig. S16), comparable to most reported
efficient NiFe benchmark catalysts [27,28]. The fitted Nyquist plots
together with the equivalent circuit scheme obtained from the EIS
measurements (Fig. 3b and Table S5) suggest that P-NF-10 had a supe-
rior rapid charge-transfer ability, whose charge transfer resistance (R,
1.391 Q) was significantly lower than that of bare NF (13.38 Q). On the
other hand, the ECSA which directly reflects the number of active sites
between P-NF and bare NF was also assessed through Cq; determination.
Fig. 3c and Fig. S17 show P-NF-10 presented the highest Cq; of 3.3 mF
cm’z, 2.2 times the value of bare NF (1.5 mF cm‘z), indicating more
exposed active surface after incorporating P into NF. As the Cq; value is
proportional to the ECSA, the LSV curves normalized to the Cg) further
revealed that P-NF endowed a distinctly higher intrinsic OER activity
(Fig. S18). The boost in inherent activity induced by P-incorporating can
be further verified by the excellent TOF of P-NF-10 which was sub-
stantially higher than that of bare NF (Fig. S19). Similarly, to affirm the
sustained stability of P-NF-10, CP measurements were carried out at a
high current density of 500 mA cm™2 with bare NF as reference (Fig. 3d).
As expected, the P-NF-10 electrode at a potential of around 1.58 V (vs.
RHE) maintained such industrial-grade current densities for 24 h
without any degeneration in activity. In contrast, the activity of bare NF
rapidly decreased under the same working environment. Notably, the
Cq1 of P-NF-10 measured after 24 h laboratory CP almost doubled,
indicating the occurrence of surface reconstruction with increased
active sites during the OER process, thereby accounting for its robust
activity (Fig. 3c and Fig. S20). Moreover, when the CP experiment of
P-NF-10 at 500 mA cm ™2 was continued for a prolonged period, it still
preserved its current density for over 120 h without any decay
(Fig. S21). In addition to this, we determined 96% FE of the P-NF-10
electrode during the OER process, establishing its high catalytic activity
(Fig. S22). Encouraged by this excellent electrocatalytic OER perfor-
mance of P-NF-10, we further employed it as both anode and cathode to
assemble an AWE, which showed a promising overall water-splitting
activity under laboratory conditions (Fig. S23). Notably, when replac-
ing the cathode as the highly efficient cathodic HER electrode (NiPtg
@NiS supported on NF) developed in our previous work [43], a
distinctly better performance can be achieved by this upgraded elec-
trolyzer, NiPt3@NiS (-) // P-NF-10 (+), under laboratory conditions,
which was also obviously superior to those of the AWEs integrated by
commercial Pt/C deposited on NF (Pt/C/NF) cathode and P-NF-10
anode (Fig. S23). Furthermore, an even more satisfactory activity of
NiPt3s@NiS (-) // P-NF-10 (+) can be obtained under the industrial
scenario (Fig. 3e). The overall cell only required cell voltages of ~1.57
and ~1.72V to afford the current density of 100 and 500 mA cm™2,
respectively, much better than that of presently employed industrial
AWEs (over 1.8 V for 200-400 mA cm 2) [17,44]. Such activity also
outmatched most reported advanced assembled AWEs in the case of
industrial environments, as demonstrated in Table S6. Another point

worth emphasizing here is that under such a harsh environment, the
industry-level current density as high as 500 mA cm™2 can be main-
tained by our assembled AWE for over 107 h (Fig. 3 f). Although some
progress has been made by a limited amount of reported TM-based
AWEs for quasi-industrial application, they can hardly meet the indus-
trial requirements such as high current densities, long-term and robust
stability, as well as the increased concentration and temperature of
electrolyte simultaneously [45-49]. Accordingly, in our case, the
low-cost but excellent-performance P-incorporated NF prepared by the
facile, scalable, and controllable CPE presents huge potential for prac-
tical water electrolysis.

As mentioned before, apart from 10 min, we also treated NF at
different time intervals such as 1, 5, and 15 min (P-NF-1, P-NF-5, and P-
NF-15). Their corresponding PXRD, SEM, and EDX result well elaborate
that the CPE approach can precisely control the extent of P incorporation
where a linearly increased amount of P with homogenous distribution
on the activated NF surface was observed. Meanwhile, the surface
morphology became progressively more porous and rough with the rise
of CPE durations (Fig. 1 f and 2a b, as well as Figs. S4 S5,S11 S12,
and S24 S30, Table S1). On one hand, our CPE method presented the
capability of rapid P atom incorporation (2% P was introduced into NF
in merely 1 min). On the other hand, the P-content of P-NF-15 was found
to be close to that of P-NF-10, suggesting that the P atoms nearly reached
the incorporation saturation within the Ni host lattice after almost
10 mins of CPE treatment. To make this correlation more meaningful,
we acquired and compared their LSV data, from which we found that
even 1 min of CPE-induced P-incorporation can boost the OER perfor-
mance of pristine NF, and the activity continuously increased up to an
optimum CPE period of 10 mins (Fig. S31). Further prolonging the
electrolysis to 15 min caused a slight performance deterioration, prob-
ably due to the agglomeration of surface-active regions after CPE
overtreatment, which was also supported by the obtained EIS and Cq
results (Figs. S32 S33, and Table S5).

3.3. Insights into the active OER structure by ex-situ, in-situ and DFT
analysis

In general, nearly all TM-based electrocatalysts undergo structural
reconstructions during the anodic OER process, forming associated TM-
based (oxy)hydroxides, which then serve as the real active species [6,16,
25,50-53]. Therefore, to monitor this, a series of in/ex-situ post-OER
(note that all the three samples investigated hereafter were those after
24h CP at 500 mA cm2) characterizations were subsequently con-
ducted to investigate the surface reconstruction and the (real) active
surface structure during the OER influenced by the P-incorporation and
different working environments. First of all, under laboratory condi-
tions, the post-OER PXRD of both bare NF and P-NF-10 exhibit the same
diffraction peaks as that of before OER, indicating that either the
structures were stable or the in-situ evolved active species during OER
were amorphous/low crystallinity. This observation is also consistent
with the PXRD pattern of post-OER P-NF-10 under industrial conditions
(Fig. S34). The corresponding HRTEM images of the surface species of
P-NF-10 after both laboratory and industrial OER further confirm the
amorphous/low-crystalline y-Ni'"OOH (PDF#06-0075) evolved on the
electrode surface during water oxidation (Fig. S35) [7]. On the other
hand, the surface SEM images disclose that after laboratory OER CP, the
surface morphology of P-NF-10 was more porous and rough with the
layered-like feature in comparison to bare NF electrode, which still
retained in a relatively flat morphology. It implies a deeper oxidative
transformation of P-NF-10, leading to an enlarged specific surface area
with increased active sites (Fig. 4a-b). Remarkably, their EDX mapping
results of surface SEM and cross-sectional FIB-SEM further illustrate that
such reconstructive oxidation was confined to the near-surface region of
both CPE-treated and untreated NF electrodes. Simultaneously, both
samples exhibited the obvious Fe doping, which originated from impu-
rities in the KOH electrolyte during the OER process, facilitating the
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respectively.

reconstruction most likely into Fe-containing (oxy)hydroxides
(Figs. S36-S39) [25]. In analogy, the even more severe surface oxidation
at both surface and near-surface areas can be found at the P-NF sample
after OER CP under the harsher industrial environment. Also, EDX
mapping confirms the impurity Fe incorporation (Fig. 4c and
Figs. $40-541). To further understand the content and distribution of all
the elements, Fig. 4d-f summarizes the atomic ratio of elements for the
above three films obtained via both surface EDX and cross-sectional
FIB-EDX, as well as XPS investigations. Herein two points are worth
being highlighted: i) Our samples were all fabricated, electrochemically
measured, and post characterized exposing to air or (aqueous) electro-
lyte, thus their oxygen atomic ratio results were considered to be not
sufficiently accurate (hence they were not used for the analyses), and
only determination of other elements can clearly be deduced. ii) The XPS
probing region is just confined at the maximum of 10 nm depth on the
electrode surface because of the limited escape depth of the photoelec-
trons, while SEM-EDX is sensitive to various elements with a much
larger detection thickness ranging from 0.2 to 8 um [54,55]. Accord-
ingly, three interesting phenomena can be found after the 24 h labora-
tory CP at 500 mA cm™%: i) The incorporated P at the topmost surface of
P-NF has leached out, leaving only the residual ones in the near-surface

area of P-NF; ii) The Fe dopants existed in both bare NF and P-NF, where
more Fe had been incorporated into P-NF; iii) The presence of Fe can be
detected from the surface to the near-surface area of the P-NF electrode,
while the topmost layer of bare NF did not contain any Fe (more details
in Figs. S36-S39, as well as Fig. 4d-f). More intriguingly, when
comparing the post-OER P-NF under laboratory and industrial condi-
tions, it can be observed that: i) They both lost most P during the OER
process, while the remained P atoms were quantitatively close, which
were accommodated at the near-surface area (the remaining P-Ni layer);
i) The harsher environment resulted in much higher Fe dopant con-
centration, but on the topmost surface the industrial-level post-OER
P-NF revealed distinctly fewer Fe ions than the laboratory one (more
details can be found in Figs. S36-S37 and S40-541, as well as Fig. 4d-f).
Note that the residual P content of P-NF-10 was independent of the OER
duration, probably because the oxidative corrosion of P atoms at the
near-surface region far from the outmost surface was insufficient
(Fig. S42 and Table S7). In view of this, the outermost-sensitive XPS
spectra of these abovementioned three samples were further analyzed,
verifying that the reconstructed surface structure of bare NF in the
laboratory state was pure Ni""OOH. Conversely, with the leaching of
surface P, Fe'"doped Ni'"OOH evolved at the surface of P-NF during



both laboratory and industrial OER, and in the former case, more Fe can
be immobilized in the surface transformed Ni'"OOH structure (details in
Fig. $43).

To shed more light on the in-situ surface reconstruction of the post-
OER (CP at 500 mA cm™ for 24 h) P-NF and NF under laboratory con-
ditions, as well as the P-NF under industrial treatment, the quasi-in-situ
Raman spectroscopy characterizations with high surface sensitivity
were implemented by the freeze quenching ( 196 °C) at the potentials
when these three samples reached 500 mA cm ™2, respectively. As is
displayed in Fig. 4g, for all of the probed three samples, the character-
istic Eg bending and A; g stretching vibration of Ni-O in Ni'"ooH
appeared at around 481 and 560 cm™! in the Raman spectra, respec-
tively. Particularly, the intensity ratio of these two bands (Igg/Ia1g) is
widely accepted as a direct indicator of Ni'"OOH structure with Fe
doping, where: i) the lower the intensity ratio, the more Fe doping, and
accordingly, i) the more thorough transformation of Ni-based pre-
catalysts into Fe doped Ni'!OOH with better water oxidation activity (at
least with less than 10% doped Fe) [26-29,56]. As expected, under the
laboratory environment, the Igg/In;z of fitted Raman spectrum for
post-OER P-NF (0.73) was distinctly lower than that of bare NF (0.88),
while under industrial conditions the intensity ratio of fitted Raman
spectrum for P-NF was also lower (0.84). This phenomenon was further
confirmed by the above-analyzed OER performance, element content
(especially for Fe dopants), and distribution impacted by P-incorpora-
tion and change in the working environment. Moreover, a Raman band
at around 1063 cm™ emerged for all three samples, representing vl
symmetric stretch of carbonate and validating that the in-situ formed
Ni"™OOH for these samples existed as the y-phase. y-Ni'"OOH possesses a
larger interlayer distance due to the intercalation of CO%™ ions from the
dissolved carbonate in alkaline media [7,57]. Note that the
industrial-related P-NF exhibited a much broader carbonate v1 band,
which was probably induced by the larger concentration of KOH with
more dissolved carbonates [58].

Thus, as elaborated in Fig. 4h, we could summarize that during the
laboratory OER process, all the vital three components of P-NF, i.e., Ni,
Fe, and P atoms, underwent the dynamic structural reconstructions: i)
on the P-NF surface, the surface metallic Ni atoms were oxidized into the
layered y-Ni""OOH structure whose interlayer space was intercalated
with carbonates, serving as the real active matrix for OER; ii) impurity Fe
atoms from the KOH electrolyte were concurrently doped into the in-situ
formed y-Ni"lOOH structure, eventually leading to the emergence of one
of the most efficient OER catalyst, Fe-doped Ni'OOH, which was
responsible for the excellent activity of the P-NF anode [28,29]; iii)
almost all of the incorporated P atoms within the surface of P-NF anode
leached out, while the residual P atoms were only presented at its
near-surface region. Based on the obtained insights into the dynamic
change of the P atoms, the role of P-incorporating on activating elec-
trocatalytically inert NF can be generally summarized as follows: i) the
introduction of P induced by in-liquid CPE enabled the treated NF to
present high surface porosity and superhydrophilicity, as well as supe-
rior electrical conductivity, attaining the increment and utilization of
active sites, and acceleration of transfer of electrons; more importantly,
i) at the initial state of the OER, the incorporated P atoms endowed the
P-NF electrode with higher adsorption ability toward more impurity Fe
atoms, thus presenting a higher Fe doping concentration; iii) with pro-
longing the OER, the incorporated P atoms at the outermost region of
P-NF were dissolved, resulting in a more apparent porous surface
morphology, which offered more opportunities for electrolyte penetra-
tion, enlarging the contacting areas between electrode and electrolyte,
hence compensating Fe impurity redeposition/incorporation. It is worth
pointing out that the surface dynamic dissolution of TM (especially
doped Fe) easily transpires in the Ni-Fe system in alkaline media during
the OER process [59,60], thus the maintenance of Fe doping can sub-
stantially facilitate the superior OER activity and stability of P-NF [28,
29]. On the other hand, in the case of bare NF, fewer Fe were doped
during OER, this is probably because of the relatively flat and smooth

surface morphology of NF that cannot stabilize the Fe dopants within the
bare NF-derived y-Ni"lOOH. The dissolution of surface doped Fe of bare
NF was probably more kinetically favorable than the redepositio-
n/incorporation induced by the lack of effective compensation (flat
surface morphology preserved during OER), and consequently, no sur-
face Fe dopants can be found in the bare NF-derived y-Ni"'OOH. For
P-NF in the industrial OER, similar to that under laboratory conditions,
the Fe-doped y-Ni"'OOH structure was also reconstructed on the
electrode surface. The only difference is that fewer incorporated Fe
atoms were present on the topmost surface (more surface Fe leaching
might be induced by the harsher working environment compared with
that of ambient OER [61]), which was probably the key factor contrib-
uting to the slight decrease in activity. Additionally, we discovered that
the OER activity of P-NF-10 was enhanced with the increment of the
initial concentration of iron ions in the fresh 1 M KOH electrolyte, which
can promote more Fe doping into the electrode during OER and be in-
dependent of the P leaching degree. Therefore, the in-situ reconstructed
y-Ni'"OOH with higher Fe-doping evolved on the electrode surface
(Figs. S44-S46 and Table S7).

3.4. Selective electrooxidation of aldehydes

The bifunctional catalytic oxidation ability of P-NF-10 was further
explored by selective electrooxidation of aldehydes, which can generate
higher economically valuable products at the anode compared to Oz
obtained via OER [12-14]. Recently, a series of efficient non-noble
metal-based electrocatalysts have emerged as a possible replacement
for standard OER catalysts with selective anodic oxidation of various
alcohols or 5-hydroxymethylfurfural [62-65]. However, their ability to
electrooxidize aldehydes, specifically furan-2-carboxaldehyde (furfural)
and acetaldehyde (CH3CHO), has been rather unexplored.
Furan-2-carboxaldehyde oxidation produces furan-2-carboxylic acid
(2-furoic acid, Scheme S1) with significant economic values in the food
industry, biomedical research, optical technology, as well as nylon
production [66-68]. In addition, the acetic acid (CH3COOH) derived
from the selective CH3CHO oxidation (Scheme S2) is frequently utilized
as a high-boiling polar solvent in standard organic synthesis [12].
Therefore, developing highly efficient but low-cost non-noble electro-
catalysts for the selective oxidation of aldehydes is of tremendous eco-
nomic and practical significance. Given the high anodic OER
performance, we used P-NF-10 to selectively oxidize the
furan-2-carboxaldehyde and CH3CHO. Also, the untreated bare NF was
considered for comparison.

First, LSVs were measured in a three-electrode system using P-NF-10
or bare NF as the working electrode in 1 M KOH with and without 0.1 M
furfural. As shown in Fig. 5a, starting from 1.38 V (vs. RHE) the current
densities of both P-NF-10 and bare NF, with the addition of 0.1 M furan-
2-carboxaldehyde, distinctly increased compared to the pure KOH
electrolyte. To further endorse the higher activity of the CPE-treated
films for aldehyde oxidation, we performed chronoamperometry (CA)
at a constant potential of 1.49V vs. RHE with 0.1 M furan-2-
carboxaldehyde using P-NF or bare NF as the anode. As shown in
Fig. 5b, P-NF-10 displayed a significantly higher organic substrate
oxidation current density than that of bare NF. To probe the conversion
of furan-2-carboxaldehyde oxidation products catalyzed by P-NF-10 and
bare NF, the reaction solutions before and after CA were characterized
through 'H NMR spectroscopy (Fig. 5¢). Remarkably, after 65 min of CA
with the passed charge of 192.96 C (a theoretical charge for the com-
plete oxidation of furfural to 2-furoic acid), P-NF-10 catalyst achieved as
high as 94% for both product conversion and FE, while bare NF (58.62 C
of charge passed after 65 min) showed only 42% conversion with the FE
of 82% (Fig. 5d). The 1H NMR conversion of furfural to 2-furoic acid was
quantified by using dimethylsulfone as an internal standard
(Figs. S47-548). Furthermore, under identical testing conditions, the
electrocatalytic oxidation of acetaldehyde (CH3CHO) into acetic acid
(CH3COOH) using P-NF-10 as an anode demonstrated a high conversion
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of 62% with the FE of 75%, significantly higher than the results obtained
with bare NF (12% acetic acid conversion with 41% FE) (Fig. 5d and
Figs. $49-5S50). All the above results indicate that the P-incorporation
through the CPE treatment activated NF with exceptional electro-
oxidation capability of aldehydes. According to the previous reports of
Ni-based electrocatalysts for alcohol and aldehyde oxidation, one widely
accepted reaction mechanism is that the redox-active Ni atoms tend to
in-situ reconstruct into surface Ni'"OOH intermediates with electrophilic
oxygen groups, which then attack the nucleophilic reagents, thus facil-
itating the process of electrooxidation [69-71]. Based on this mecha-
nism, the most effective approaches to elevating the electrooxidation
ability are mainly based on: i) increased number of accessible redox
active Ni sites on the catalyst surface, ii) acceleration of the mass
diffusion and transport, iii) enhancement of electric conductivity of the
whole Ni-based catalysts, and iv) improvement of the intrinsic activity of
catalytic Ni species [72-78].

In this regard, the P-NF-10 developed in our case was directly
compared with the bare NF which behaved poorly for selective aldehyde
oxidation. The advantages of P-incorporation to enhance the electro-
oxidation capability can be explained with the following aspects: i) the
introduction of P atoms induced by CPE treatment facilitated the NF
surface with distinctly high porosity and roughness, which can enor-
mously increase the specific surface area and accordingly expose more
surface redox-active Ni sites (Fig. 2a-b, Figs. S11-S12 and S19a-b); ii) at
the same time, the wettability of the treated NF was tuned into super-
hydrophilicity, which effectively endowed the electrolyte (organic
substrates) access to the electrode surface, therefore contributing to the
increase in mass diffusion and transport and the surface reaction kinetics
(insets of Fig. 2a-b); iii) the substitution of P atoms to Ni in the nickel
lattice can severely modify its electronic structure, hence accelerating
the inherent electron transfer ability of the treated NF, as elaborated by
the total density of state (TDOS) changes (Fig. 2d and Fig. S15). Simi-
larly, the XPS comparison between P-NF-10 and bare NF (Fig. S10)
uncovers that Ni atoms donated a partial electron to the incorporated
neighboring P atoms, which has been reported to be conducive to

P-NF Bare NF P-NF Bare NF

improving inherent activity of the catalytic Ni sites for aldehyde
oxidation [78]. As a result, all the above factors synergistically pro-
moted the P-NF-10 anode to show a remarkably improved aldehyde
oxidation ability than that of commercial bare NF.

4. Conclusion

In summary, aiming at answering the abovementioned research
questions (i-iv), we have successfully employed the controllable, facile,
and ultrafast CPE method to induce P atoms into bare NF. The as-
prepared P-NF exhibited enhanced surface porosity and wettability
and improved electric conductivity. Strikingly, the presence of P in NF
significantly improved the adsorption ability of Fe doping atoms.
Consequently, in 1 M KOH containing Fe impurities at room tempera-
ture, the optimized P-NF-10 electrode behaved with excellent OER ac-
tivity, achieving a current density of 500 mA cm 2 at an overpotential of
only ~350 mV, outmatching bare NF and commercial noble metal-
based IrO; on NF. Notably, the latter higher current density was main-
tained well over 120 h, suggesting exceptional durability of P-NF under
operating conditions. Most importantly, P-NF-10 was utilized as an
anode in a quasi-industrial alkaline water electrolyzer (6 M KOH and
60 °C), delivering as high as 500 mA cm 2 current density at ~1.72 V
cell voltage with the long-term stability of over 107 h. The question (V)
was addressed using a combination of ex/in-situ characterization tech-
niques, illustrating that even at higher surface porosity induced by
intensive oxidation and surface P-leaching, P-NF can maintain the
equilibrium of the dissolution and redeposition/incorporation of the
doped Fe impurities during OER, thereby forming Fe"-doped surface
reconstructed y-Ni""OOH, while the surface of bare NF just evolved into
pure y-Ni'"OOH. Finally, to address question (vi), P-NF was investigated
for the rarely explored but industrially important organic substrates
furan-2-carboxaldehyde and acetaldehyde, yielding high catalytic
oxidation efficiency and selectivity. Thus, our novel CPE approach for
the rapid and facile activation of the substrate will be a great leap for-
ward for the economic electrode fabrication of large-scale hydrogen



generation and value-added industrial products.
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