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Ru atoms with a large radius are often doped into a lattice as substituents due to reaction kinetics and
thermodynamics limitations. Therefore, overcoming kinetic resistance to realize interstitial Ru doping in
phosphides and establishing the internal relationship of its electrocatalytic performance are challenging.
Considering that the tensile strain induced by a quenching-induced huge temperature difference can
provide the possibility of interstitial doping, an interstitially Ru-doped FeCoP/FF electrode with 2.32%
tensile strain was innovatively constructed by a strain-driven interstitial Ru doping strategy. As expected,
the Ru-FeCoP/FF||Ru-FeCoP/FF electrolyzer needs a cell voltage of only 1.64 V to deliver 1 A cm™.
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Notably, the tensile strain and interstitially doped Ru synergistically promote the movement of electrons
from Fe and Co sites to P and plummeting of the activation energy (E,), thus accelerating the reaction
kinetics of HER and OER. Overall, this work provides new ideas for designing an Ru interstitially doped

rsc.li/greenchem electrode and optimizing the HER and OER kinetics.

Green foundation

1. This work advances the field of green chemistry through electrocatalytic total water decomposition for hydrogen pro-
duction and solar panel testing.

2. This work developed two kinds of Ru gap doped OER and HER electrocatalyst, and the gas production effect was good
under power supplied by solar panels. One of the electrocatalysts has been successfully written up and published in the
Journal of Colloid and Interface Science.

3. First of all, the rate and output of hydrogen generation should be increased by improving the catalyst, and then the emis-
sion of CO, should be reduced by controlling the temperature of phosphorization.

1. Introduction

Electrochemical water splitting requires efficient and stable
electrocatalysts that can significantly reduce the overpotential
of the two half-reactions, namely the hydrogen evolution reac-
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tion (HER) on the cathode and the oxygen evolution reaction
(OER) on the anode."” Currently, to improve the conductivity
and intrinsic activity of phosphide, a suitable proportion of
precious metals is used for doping. Among them, as the most
promising active material among noble metal materials, ruthe-
nium (Ru) shows special advantages in electrochemical water
splitting due to its unique electronic structure and strong
hydrogen adsorption capacity.®'° Therefore, the introduction
of Ru dopant is of great significance for optimizing the struc-
ture and function of electrode materials."* Currently, Ru dopants
are mainly incorporated into the catalyst by solvothermal
methods, electrodeposition, etching methods, and other.
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Moreover, due to the large atomic radius of Ru, it is more
inclined to replace the main metal atoms in the lattice during
the formation of the crystal, thereby optimizing the electro-
catalytic reaction kinetics."”>™"®> Wang et al. pointed out that,
when a single atom of Ru is doped into the 2H-MoS, lattice by
replacing an Mo atom, it results in more active centers and
some vacancies, thereby improving the HER performance of
Ru@2H-Mo0S,."® Jang et al. found that Ru atoms substituted
some of the Co and Fe atoms doped into the lattice gap of
CoFeP nano-frames (RCFP/NF) to adjust the electronic struc-
ture, so that the energy band center of RCFP/NF moved down,
and the adsorption free energy of the best adsorbate (OH*/H*)
was adjusted.’” However, Ru doped into the lattice in the form
of substitution may not be conducive to the stability of the
crystal structure and the exposure of active sites due to its
large atomic radius."®

Interestingly, researchers have found that dopants can also
be incorporated into the interstitial sites of the lattice, effec-
tively regulating electrical conductivity, and reducing the
d-band center.'®™*! Notably, this unique interstitial doping can
effectively avoid lattice damage and atomic overflow. In par-
ticular, non-metallic atoms (such as P, B, or C) are more advan-
tageous in interstitial doping due to their smaller atomic
radius. Song et al. successfully prepared P interstitially doped
P-NiFe ANs-400 materials using a hydrothermal method under
the action of low-temperature thermal reduction and atomic
diffusion. The interstitially doped P atoms share the charge
around Fe and active Ni sites and optimize the free energy of
OER intermediates.*> Mao et al. introduced B into the lattice
of Pt by a simple one-pot method. The interstitially doped B
atom not only inhibits the formation of OH and O species at
the active site but also prevents the oxidation of the indicated
Pt atom.”® Zhang et al. doped C atoms into the lattice of PdMo
diene by thermal decomposition. C doping can optimize the
oxygen binding in the electrochemical process, reduce the
operating potential for oxidation/dissolution of the metal, and
improve the catalytic performance of PdMo diene in terms of
activity and durability.** However, unlike non-metallic atoms,
transition metal atoms show great potential in further optimiz-
ing the structure and performance of catalysts due to their rich
unfilled d-orbitals that can be used as electrophilic sites.>®™’
Significantly, transition metal interstitial dopants have been
shown to improve the structural stability and reversibility of
related materials in the fields of photocatalysis and batteries.
However, their role in the field of electrocatalysis has not yet
been developed.*® Moreover, it is difficult for transition metal
atoms with a large atomic radius (especially Ru) to spon-
taneously incorporate into tightly arranged lattice gaps during
the doping process, due to the dual limitations of reaction
kinetics and thermodynamics.>**! Therefore, inducing the
interstitial doping of Ru and determining the electrocatalytic
mechanism of this unique form of doping are difficult and
provide the focus for the current electrode design. External
factors (doping, reaction temperature, electromagnetic field,
etching, etc.) can induce lattice expansion to produce a tensile
strain effect. This effect not only increases the lattice spacing
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but also regulates the coordination degree, d-band center, and
valence electron configuration of the crystal.** This provides a
convenient way for the dopant to enter the lattice gap position.
Hence, the use of the strain effect to drive metal atoms for
interstitial doping shows important research potential.

Based on this, an interstitially Ru doped-FeCoP/FF electrode
with 2.32% tensile strain was innovatively constructed by a
strain-driven interstitial Ru doping strategy. Interestingly, this
work cleverly utilizes the ‘thermal expansion and cold contrac-
tion’” mechanism of the lattice, caused by the huge tempera-
ture difference resulting from quenching, to prompt Fe,P and
CoP crystals to produce a certain tensile strain. Stimulated by
the stretched lattice, a small amount of Ru atoms is spon-
taneously embedded into the interstitial void of the phosphide
crystal. Notably, density functional theory (DFT) and activation
energy (E,) tests reveal that the tensile strain and interstitially
doped Ru synergistically promote the movement of electrons
from Fe and Co sites to P and plummeting of the activation
energy, thus accelerating the reaction kinetics of HER and
OER. Moreover, an SCN™~ poisoning experiment further reveals
that Ru dopants serve as the real HER active species. As
expected, the well-designed Ru-FeCoP/FF requires only 0.158 V
and 0.390 V to achieve an industrial-grade current density of 1
A cm™? for HER and OER processes, respectively. Notably, the
Ru-FeCoP/FF||Ru-FeCoP/FF electrolyzer needs a cell voltage of
only 1.64 V to yield a current density of 1 A cm™> for total
water decomposition, which is much better than that of the
Pt/C-NF||RuO,-NF benchmark electrolyzer. In summary, a
strain-driven interstitial Ru doping strategy was proposed for
the first time in the preparation of phosphide electrodes.
Simultaneously, this work provides a new idea for constructing
an Ru interstitially doped electrode and optimizing the HER
and OER kinetics.

2. Experimental section
2.1. Chemicals

Ruthenium chloride (RuCl;-xH,0, 35-42%) and cobalt nitrate
hexahydrate (Co (NO3),-6H,0, 99%) were purchased from
Aladdin Inc., China. Potassium hydroxide (KOH, 99%) and
alcohol were obtained from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Commercial Pt/C (20 wt%) was
acquired from Johnson Matthey. All the chemicals were used
without further purification.

2.2 Synthesis of CoFe,0,/FF

Firstly, foamed iron (2 x 2 cm? 1 mm) was ultrasonically
cleaned in acetone and ethanol for 20 min to remove excess
impurities. Then, the foamed iron was transferred to 55 mL of
deionized water solution with 0.873 g of Co (NO;),-6H,0,
stirred for 30 min, and then stood at room temperature for
5 h. The target product was placed in an oven at 60 °C until it
was dry. Finally, the intermediate sample CoFe,O,/FF was
obtained.

This journal is © The Royal Society of Chemistry 2025
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2.3 Synthesis of Ru-FeCoP/FF

The intermediate sample CoFe,O,/FF was phosphatized in a
tube furnace at 350 °C for 2 h, and the sample was quickly
taken out when the tube furnace had cooled to 200 °C. The
sample was immersed in a pre-prepared 2 mg mL ™" iced RuCl,
solution (10 mg of RuCl;-xH,0 was added to 5 mL of deionized
water for ultrasonic mixing) for 30 min. The target product
was washed with deionized water and placed in an oven at
60 °C until dry to obtain a sample of the final product, Ru-
FeCoP/FF. (The iced RuCl; solution in the experiment was
treated with liquid nitrogen.)

2.4 Synthesis of FeCoP/FF-Q

The intermediate sample CoFe,O,/FF was phosphatized in a
tube furnace at 350 °C for 2 h, and the sample was quickly
taken out when the tube furnace had cooled to 200 °C. The
sample was immersed for 30 min in liquid nitrogen that had
been prepared in advance. The target product was washed with
deionized water and placed in an oven at 60 °C until it was dry
to obtain the FeCoP/FF sample.

2.5 Synthesis of FeCoP/FF-C

The intermediate sample CoFe,O,/FF was phosphated in a
tube furnace at 350 °C for 2 h and naturally cooled to room
temperature in a tube furnace. The sample was immersed for
30 min in liquid nitrogen that had been prepared in advance.
The target product was washed with deionized water and
placed in an oven at 60 °C until it was dry to obtain the FeCoP/
FF sample.

2.6 Synthesis of Ru-FeCoP/FF-X (20, 25, 35, 40)

The experimental method is similar to the synthesis method
for Ru-FeCoP/FF. Ru-FeCoP/FF-X (20, 25, 35, 40) can be
obtained by adjusting the immersion time in RuCl; solution to
x min (x = 20, 25, 35, 40). Other experimental steps remain
unchanged.

2.7 Materials characterizations

To characterize the morphology of the catalysts and analyze
their structure, scanning electron microscopy (SEM) was con-
ducted with a Zeiss Sigma 500. A transmission electron micro-
scope (TEM; JEM-2100F) and high-resolution TEM (HRTEM)
were used to further analyze the special morphology of Ru-
FeCoP/FF and its comparison catalyst samples. Powder X-ray
diffraction (XRD) was used to analyze phase composition and
crystal structure with a Rigaku D-MAX 2500/PC, and the
measurement was carried out under the operation of Cu NT
radiation at a 10 min~' scanning rate. X-ray photoelectron
spectroscopy (XPS; Thermo ESCALAB 250Xi) was used to
obtain the elemental composition, molecular structure, and
chemical states of the sample surface.

2.8 Electrochemical measurements

All electrochemical measurements were performed in an
electrochemical workstation (Gamry Instruments Reference
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2000), in an alkaline solution of 1.0 M KOH at room tempera-
ture. The HER made use of a conventionally simple system of
three electrodes. The synthesized catalysts supported by
carbon paper acted as the working electrode. The carbon
paper was ultrasonicated with ethanol and deionized water
three times before use. A carbon rod served as the counter elec-
trode, and a mercuric oxide electrode (Hg/HgO) was used as
the reference electrode. The Ru-FeCoP/FF electrode with a
loading of 0.223 g of Ru-FeCoP powder, calculated from the
mass difference of Fe foam before and after the reaction, was
directly used as a working electrode for electrochemical (HER
and OER) tests. In this work, all potentials measured were
adjusted with reversible hydrogen electrodes (RHE), calculated
with the relevant formula E(rug) = E(pg/mgo) + 0.098 V + 0.0592
x pH.

All of the electrochemical properties were tested using
linear sweep voltammograms (LSVs), and the LSV data curves
were obtained at a sweep rate of 5 mV s™'. To test the rate of
charge transfer of the catalysts, the electrochemical impedance
spectroscopy (EIS) measurement was implemented in a fre-
quency window ranging from 0.1 to 10° Hz, which applied a
—1.219 V voltage to the HER tests. Cyclic voltammetry (CV)
tests were measured in the non-faradaic section, and in this
work, the scanning speeds of CV were set from 40 to 200 mV
s~ with a tolerance of 40 mV s,

3. Results and discussion

As shown in Fig. S1,f CoFe,O, micro-flowers were grown on
the FF substrate by a simple liquid-phase precipitation
method. At the same time, Fig. S21 shows that the XRD diffrac-
tion peak of the CoFe,O,/FF precursor matches well with the
CoFe,0, phase, confirming the formation of the CoFe,O,
phase. Then, the FeCoP/FF-Q electrode was obtained by the
phosphorization-liquid nitrogen quenching method. Fig. S3a-
ct show that the FeCoP/FF-Q electrode possesses a micro-
flower structure composed of nanosheets. As shown in
Fig. S3d,t the crystal planes of CoP species on the FeCoP
nanosheets indicate that the FeCoP/FF-Q electrode is com-
posed of Fe,P and CoP phases. Interestingly, the lattice fringes
belonging to Fe,P and CoP phases in the FeCoP/FF-Q electrode
undergo significant expansion, indicating that quenching
induces a certain strain in the electrode material. To further
explore the specific strain parameters in FeCoP nanosheets
induced by quenching treatment, the well-designed FeCoP/
FF-Q electrode and the FeCoP/FF-C counterpart synthesized by
natural cooling after phosphorization were tested by geometric
phase analysis (GPA). As anticipated, the strain distribution
(exy) diagram (Fig. 1a) of FeCoP/FF-Q shows that its lattice
region is mainly red pixels, indicating that the huge tempera-
ture difference induced by liquid nitrogen quenching pro-
motes the tensile strain of the FeCoP crystal. Additionally, the
related strain histogram shows that FeCoP/FF-Q has a tensile
strain with a strain coefficient of 2.05%. Unlike FeCoP/FF-Q,
the FeCoP/FF-C counterpart with the same micro-flower struc-
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Fig. 1 (a and b) GPA (geometric phase analysis) test of FeCoP/FF-Q and
FeCoP/FF-C electrodes. (c and d) SEM images of Ru-FeCoP/FF. (e) TEM
image of powders on the surface of the Ru-FeCoP/FF electrode. (f)
HRTEM images of powders on the surface of the Ru-FeCoP/FF elec-
trode. (g and h) HAADF-STEM images of powders on the surface of the
Ru-FeCoP/FF electrode. (i) EDX elemental mappings of powders on the
surface of the Ru-FeCoP/FF electrode.

ture (Fig. S4a and bt) shows no obvious strain in the lattice
region due to the slow cooling process (Fig. 1b). Moreover, the
above phenomenon confirms that quenching treatment can
successfully introduce tensile strain into the phosphide lattice,
laying the foundation for subsequent Ru interstitial doping.
Finally, the well-designed Ru-FeCoP/FF electrode was obtained
by impregnating FeCoP/FF-Q into Ru solution. Fig. 1c-e illus-
trate that Ru-FeCoP/FF still maintains a micro-flower structure
composed of ultrathin nanosheets. Fig. S4ct shows that the
FeCoP/FF electrode is a cyan-black sheet. Fig. 1f shows that
there are obvious lattice fringes in the Ru-FeCoP nanosheets,
belonging to the (110) crystal plane of Fe,P species, and the
(011) and (112) crystal planes of CoP species, respectively,
meaning that the Ru-FeCoP/FF electrode is composed of Fe,P
and CoP phases. Notably, the crystal lattices of both Fe,P and
CoP phases are significantly expanded due to the Ru doping.
To confirm the doping position of Ru atoms, a high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) test was conducted.>*™*> As shown in Fig. 1g
and h, Ru dopants are successfully incorporated into the inter-
stitial void of Fe,P and CoP lattices, confirming that the
obvious tensile strain induced by quenching can indeed
promote the interstitial doping of Ru atoms. Furthermore, the
element mapping result (Fig. 1i) confirms the uniform distri-
bution of Co, Fe, P, and Ru elements on Ru-FeCoP nanosheets.
Simultaneously, Fig. S5t discloses that the content of Ru is
only 1.51%.

2420 | Green Chem., 2025, 27, 2417-2426

View Article Online

Green Chemistry

In addition, to further explore the effect of quenching treat-
ment on the doping position of Ru in the electrode, the
FeCoP/FF-C counterpart was immersed in Ru solution at room
temperature for 15 min to obtain the Ru-FeCoP/FF-C compari-
son sample. As displayed in Fig. S6a-c,t Ru-FeCoP/FF-C still
has the morphology of micro-flowers. Moreover, Fig. S6df
shows that Ru-FeCoP/FF-C has non-expanding lattice fringes
belonging to the Fe,P and the CoP species, meaning that Ru
atoms in Ru-FeCoP/FF-C are not incorporated into the lattice
of Fe,P and CoP phases but adsorbed on the surface of phos-
phides. Interestingly, the GPA result of the well-constructed
Ru-FeCoP/FF electrode shows that the Ru interstitially doped-
FeCoP nanosheets still have a tensile strain of 2.32%
(Fig. S7at). The slightly increased tensile strain coefficient
further reveals the existence of interstitial Ru dopants in
FeCoP nanosheets. The GPA result of Ru-FeCoP/FF-C shows
that Ru-FeCoP nanosheets still show no obvious strain
(Fig. S7b¥), further revealing that the Ru atoms in Ru-FeCoP/
FF-C are difficult to incorporate into the lattice of Fe,P and
CoP phases due to the lack of quenching treatment and affects
the crystal structure of the phosphides. Simultaneously,
Table S1f7 shows that the Ru content in the Ru-FeCoP
nanosheets collected by the Ru-FeCoP/FF electrode is 1.82%,
while the Ru content in the Ru-FeCoP-C nanosheets from the
Ru-FeCoP-C electrode is only 0.51%, further suggesting that
the tensile strain induced by quenching treatment can prompt
more Ru atoms to be interstitially doped into the phosphide,
and the lack of strain effect can only cause a small amount of
Ru atoms to physically deposit on the surface of the
phosphide.

The composition and electronic configuration of Ru-FeCoP/
FF were further evaluated using X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS). As displayed in Fig. 2a,
Ru-FeCoP/FF, FeCoP/FF-Q and Ru-FeCoP/FF-C show obvious
diffraction peaks belonging to Fe,P (PDF#76-0089) and CoP
(PDF#29-0497) phases. Notably, the diffraction peaks belong-
ing to the phosphide in the Ru-FeCoP/FF-C electrode do not
shift significantly compared with the standard cards of Fe,P

-
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Fig. 2 (a) XRD patterns of Ru-FeCoP/FF, FeCoP/FF-Q and Ru-FeCoP/
FF-C electrodes. (b) XPS surveys of Ru-FeCoP/FF and FeCoP/FF-Q elec-
trodes. High-resolution spectra of (c) Co 2p, (d) Fe 2p, (e) P 2p, (f) Ru 3p
of Ru-FeCoP/FF and FeCoP/FF-Q electrodes.
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and CoP, proving that there is no strain in the crystal structure
of Fe,P or CoP in Ru-FeCoP/FF-C. The peaks belonging to
phosphides in Ru-FeCoP/FF and FeCoP/FF-Q are shifted to the
left compared with that in the Ru-FeCoP/FF-C electrode, again
revealing that Ru atoms were doped into the lattice gap of Fe,P
and CoP phases due to the tensile strain induced by the
quenching treatment. Fig. 2b illustrates the signal peaks of Co,
Fe, Ru, and P elements in Ru-FeCoP/FF, confirming the
elemental composition of Ru-FeCoP/FF. The Co 2p spectrum
(Fig. 2¢) of Ru-FeCoP/FF displays peaks at 778.8 eV and 793.4
eV belonging to Co-P species, indicating the formation of the
CoP phase. Other peaks at 781.7 eV and 797.7 eV, 787.2 and
803.2 eV are attributed to the Co-O bond and satellite peaks,
respectively. As shown in Fig. 2d, the peaks at 711.8 eV and
724.8 eV in Ru-FeCoP/FF are assigned to Fe-P species, confirm-
ing the formation of the Fe,P phase. Moreover, the peaks of
Ru-FeCoP/FF in Fig. 2e at 127.8 and 128.7 eV belong to P-M
(M = Co, Fe, Ru) species, while the peaks at 132.4 and 133.7 eV
belong to the P-O species. As shown in Fig. 2f, the Ru 3p spec-
trum of Ru-FeCoP/FF has two sets of peaks. The peaks at 462.9
eV and 486.1 eV belong to the Ru-P species, while the peaks at
466.5 eV and 488.1 eV belong to the Ru-O species.
Significantly, the peaks belonging to the Co-P and Fe-P bonds
in Ru-FeCoP/FF show a positive shift compared with those in
the FeCoP/FF electrode, while the peak of P-M shows a nega-
tive move. This implies that Co and Fe in Ru-FeCoP/FF carried
more positive charges, and P carried more electrons. In
addition, compared with the reported Ru,P,® the peak of the
Ru-P bond in Ru-FeCoP/FF also shifts negatively, indicating
that the interstitially doped Ru atoms carry some electrons.
The above results confirm that the interstitial Ru dopants
greatly optimize the electronic configuration of the Fe,P and
CoP phases.

Notably, Co and Fe atoms with more positive charges are
conducive to the formation of Co(Fe)-OOH species with high
OER activity.

Ru with more electrons can also be more stable during the
electrocatalytic process. Moreover, a stable Ru dopant with
optimized H* adsorption ability promotes alkaline HER kine-
tics. Interestingly, compared with the Ru-FeCoP/FF-C counter-
part (Fig. S81), the peak belonging to the M-P (M = Co, Fe)
species in Ru-FeCoP/FF has a positive shift. At the same time,
the peaks belonging to the P-M and Ru-P species in Ru-
FeCoP/FF shift negatively. The above phenomena reveal that
interstitial Ru dopants and appropriate lattice strain can effec-
tively optimize the electronic configuration of phosphides.
Notably, the peaks belonging to the Ru-P species in the Ru-
FeCoP/FF-C counterpart are significantly weakened in com-
parison with that in Ru-FeCoP/FF, further proving that Ru-
FeCoP/FF-C contains only a small amount of Ru element due
to the lack of tensile strain.

Based on the above characterization, the well-designed Ru-
FeCoP/FF and other comparison electrodes were tested for
alkaline HER at room temperature using a conventional three-
electrode system.>’*? As shown in Fig. 3a, the Ru-FeCoP/FF
electrode requires overpotentials of only 5 mV and 158 mV at

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) HER polarization curves and (b) HER corresponding Tafel
slopes of Ru-FeCoP/FF, FeCoP/FF-Q, Ru-FeCoP/FF-C and Pt/C-FF for
HER in 1.0 M KOH. (c) The Cg4 values calculated according to the current
density at different scan rates of HER. (d) OER polarization curves and (e)
OER corresponding Tafel slopes of Ru-FeCoP/FF, FeCoP/FF-Q, Ru-
FeCoP/FF-C and Pt/C-FF for HER in 1.0 M KOH. (f) The Cq, values calcu-
lated according to the current density at different scan rates of HER. (g)
Mass activity of Ru-FeCoP/FF, Ru-FeCoP/FF-C and Pt/C-FF for HER in
1.0 M KOH. (h) Mass activity of Ru-FeCoP/FF, Ru-FeCoP/FF-C and Pt/
C-FF for OER in 1.0 M KOH. (i) Chronoamperometry tests of Ru-FeCoP/
FF for HER and OER. (j) Comparison of 0 and Tafel for HER with
recently reported noble-metal-based electrocatalysts. (k and |) ECSA-
normalized LSV curves of Ru-FeCoP/FF, Ru-FeCoP/FF-C, FeCoP/FF-Q
for HER and OER. (m and n) a histogram showing the TOF for HER and
OER of Ru-FeCoP/FF, Ru-FeCoP/FF-C, FeCoP/FF-Q.

10 mA cm™? and 1 A cm™? for alkaline HER, much lower than
for Ru-FeCoP/FF-C (17 mV, 213 mV) or FeCoP/FF (36 mV,
272 mV), implying that Ru-FeCoP/FF shows exceptional HER
activity. Its excellent HER activity is mainly due to the tensile
strain effect, interstitial Ru dopants with outstanding H*
adsorption ability, and the optimized electron configuration.
Moreover, the voltages of the Ru-FeCoP/FF electrode at 10 mA
em™? and 1 A cm™? are 0.1 and 0.78 times those of Pt/C-FF
(46 mv, 201 mV), respectively, confirming that the Ru-FeCoP/
FF electrode shows alkaline HER activity beyond that of the Pt-
based electrode. Fig. 3b shows that the order of the Tafel slope
is Ru-FeCoP/FF (36.2 mV dec™') < Pt/C-FF (78.3 mV dec™") <
Ru-FeCoP/FF-C (81.6 mV dec™') < FeCoP/FF-Q (96.4 mV dec™%),
indicating that the Ru-FeCoP/FF electrode exhibits speedy HER
kinetics. This is inseparable from the unique physical struc-
ture and electronic configuration of Ru-FeCoP/FF. The Ru-
FeCoP/FF electrode has the smallest R, value (0.74 Q) among
all the as-synthesized samples (Fig. S9a and Table S27), which
are lower than those of Ru-FeCoP/FF-C (1.44 Q) or FeCoP/FF-Q
(2.17 Q), indicating that the Ru-FeCoP/FF electrode has the
fastest charge transfer speed, stemming from the optimal elec-
tronic structure induced by the interstitial Ru dopants. As the
ECSA value is proportional to the value of the double-layer
capacitance (Cq)), a cyclic voltammetry (CV) test (Fig. S101) was
performed to obtain the corresponding Cq; value. As exhibited
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in Fig. 3c, the Cy; value of the Ru-FeCoP/FF electrode is as high
as 82.09 mF cm™?, confirming that the Ru-FeCoP/FF electrode
has a large ECSA, due to its unique interstitial Ru doping and
distinct lattice tensile strain. Meanwhile, Fig. S111 shows that
the Ru-FeCoP/FF electrode still maintains the morphology of
micro-flower clusters after HER, meaning that the Ru-FeCoP/
FF electrode exhibits excellent structural stability. As shown in
from Fig. S12,1 the Ru species in the Ru-FeCoP/FF electrode
are still stable in the phosphide, as the charge redistribution
promotes the interstitial Ru atoms to be in a more stable elec-
tron-rich state. However, the peaks of M-P (M = Ru, Co, Fe)
species in the Ru-FeCoP/FF electrode did not change signifi-
cantly, indicating that the chemical composition of the Ru-
FeCoP/FF electrode was also very stable during the HER
process. Besides HER performance, the OER test of Ru-FeCoP/
FF and other counterparts was also conducted under the same
conditions. As shown in Fig. 3d, the Ru-FeCoP/FF electrode
requires overpotentials of only 160 mV, 290 mV, and 390 mV to
reach current densities of 50 mA cm™2, 100 mA cm™2, and 1 A
em ™2, respectively, which are 0.31, 0.53, and 0.51 times those
of RuO,-FF (510 mV, 550 mV, 770 mV). This confirms that the
Ru-FeCoP/FF electrode shows superior alkaline OER perform-
ance, mainly due to the charge redistribution of Fe and Co
driven by the trace interstitial Ru doping. Fig. 3e shows that
the Ru-FeCoP/FF electrode has an ultra-low Tafel slope
(68.1 mV dec ™). The Ru-FeCoP/FF electrode also has the smal-
lest R value (0.69 Q), lower than those of Ru-FeCoP/FF-C (1.52
Q) or FeCoP/FF-Q (2.33 Q), revealing that the Ru-FeCoP/FF elec-
trode shows fast charge transfer ability during the OER
process (Fig. S9b and Table S2t). As shown in Fig. 3f and S13,}
the Cq; value of the Ru-FeCoP/FF electrode for OER is as high
as 17.09 mF cm 2, derived from its unique lattice tensile strain
that promotes the exposure of more Fe and Co active species.
Fig. S147 displays no significant change in the morphology of
the Ru-FeCoP/FF electrode after OER. However, the XPS spec-
trum after OER (Fig. S151) shows that the peaks belonging to
P-M (M = Fe, Co, Ru) bonds in Ru-FeCoP/FF decreased signifi-
cantly. In contrast, the peaks belonging to M-O (M = Fe and
Co) bonds increased significantly, revealing the formation of
M-OOH (M = Fe and Co) active phases with high OER activity.
To prove the high utilization of Ru species by the Ru-FeCoP/FF
catalyst, we performed an ICP test (Table S1}), and calculated
the mass activity of Ru (or Pt) in Ru-FeCoP/FF, Ru-FeCoP/FF-C,
Pt/C-FF and RuO,, respectively. Surprisingly, Fig. 3g displays
that the well-designed Ru-FeCoP/FF catalyst shows ultra-high
mass activity (594.8 mA cm™> mg ‘g, for HER) at 50 mV,
which is much higher than that of the Ru-FeCoP/FF-C counter-
part (313.3 mA cm™> mg ') or the Pt/C-FF catalyst (120.1 mA
em™? mg~'p;) for HER. The Ru-FeCoP/FF catalyst exhibits ultra-
high mass activity (601.7 mA cm™? mg ™', for OER) at 350 mV,
which is much higher than that of the Ru-FeCoP/FF-C catalyst
(186.3 mA cm™> mg 'g,) or the Ru,O-FF catalyst (42.6 mA
em™? mg 'g,) for OER (Fig. 3h). The above phenomenon
reveals that the utilization rate of Ru species in the well-con-
structed Ru-FeCoP/FF catalyst is much higher than that of Ru
in Ru-FeCoP/FF-C or that of Pt in Pt/C-FF. This further con-
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firms the high utilization of Ru species in Ru-FeCoP/FF. Fig. 3i
shows that the current density of Ru-FeCoP/FF for HER and
OER remains ~49 mA cm™? after 50 h. Fig. 3j shows that the
alkaline HER performance of the Ru-FeCoP/FF electrode
exceeded those of most recently reported noble-metal-based
electrodes.

Moreover, we have listed the specific values of ECSA (Tables
S4 and S5t) and plotted the ECSA-normalized LSV curve to
confirm the intrinsic catalytic activity of Ru-FeCoP/FF. As
shown in Fig. 3k and 1, the voltage value of Ru-FeCoP/FF is
100 mV at a normalized ECSA current density of 0.1 mA cm™?,
which is smaller than that of Ru-FeCoP/FF-C (169 mV) or
FeCoP/FF-Q (197 mV), revealing that the Ru-FeCoP/FF catalyst
shows exceptional intrinsic activity for HER. Moreover, the
voltage value of Ru-FeCoP/FF is 340 mV at a normalized ECSA
current density of 0.3 mA cm™2, which is smaller than that of
Ru-FeCoP/FF-C (430 mV) or FeCoP/FF-Q (500 mV), revealing
that the Ru-FeCoP/FF catalyst shows exceptional intrinsic
activity for OER. To further evaluate the unit catalytic site
activity of Ru-FeCoP/FF and comparison samples, the turnover
frequency (TOF) value was calculated by a CV test with a scan
rate of 100 mV s~ in 1.0 M phosphate buffered saline (PBS).
As all the as-prepared catalysts were loaded on carbon paper
for performance testing, the CV test was also conducted on
pure carbon paper, and it was deducted as the reaction back-
ground (Fig. S16a and S16c¢ct). As expected, the TOF value of
Ru-FeCoP/FF (0.91 s~') at 100 mV is 2.8 and 13 times those of
Ru-FeCoP/FF-C (0.32 s') and FeCoP/FF-Q (0.07 s'), respect-
ively, in HER (Fig. S161 and Fig. 3m). Moreover, the TOF value
of Ru-FeCoP/FF (0.2 s~') at 100 mV is 22 and 200 times those
of Ru-FeCoP/FF-C (0.009 s™') and FeCoP/FF-Q (0.001 s %),
respectively, in OER (Fig. S161 and Fig. 3n). This phenomenon
proves that the active sites in the well-designed Ru-FeCoP/FF
show ultra-high intrinsic activity.

To further explore the effect of interstitial Ru dopants on
the charge density distribution at the heterointerface, the
Fe,P/CoP model with 2.05% tensile strain, and the Ru-Fe,P/
Ru-CoP model with interstitial Ru dopants and 2.32% tensile
strain were established. Fig. 4a illustrates the difference in
charge density at the Fe,P/CoP interface. The cyan region indi-
cates charge accumulation, while the yellow region indicates
charge depletion. The local charge density at the Fe,P/CoP
interface is significantly increased, indicating that there is
strong electronic interaction at the interface. For the Fe,P/CoP
interface, the electrons around the Fe and Co atoms are trans-
ferred to the adjacent P sites, resulting in charge accumulation
around the P atoms. As shown in Fig. 4b, the charge aggrega-
tion region at the Ru-Fe,P/Ru-CoP interface increases com-
pared with the Fe,P-CoP interface, indicating that the intro-
duction of Ru promotes a shift in the electron cloud from Fe
and Co atoms to P atoms. The above results further indicate
that the obvious charge redistribution is stimulated by the
interstitial Ru atoms, consistent with the XPS results in Fig. 2.
To further explore the effect of thermodynamic temperature on
the intrinsic activity of Ru-FeCoP/FF, FeCoP/FF, and Ru-FeCoP/
FF-C, alkaline HER and OER tests were carried out in the
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temperature range 298-328 K.*® As displayed in Fig. S17-20,}
the electrocatalytic performance of Ru-FeCoP/FF, FeCoP/FF,
and Ru-FeCoP/FF-C increases with an increase in the test
temperature, indicating that an increase in thermodynamic
temperature can accelerate the kinetic process of HER and
OER. The activation energy (E,) values of HER and OER are
obtained by fitting the slope of the ‘log (j,) ~ 1000/T" curves
(Fig. 4c and d), directly reflecting the intrinsic activity of HER
and OER. Fig. 4e show that the E, value of Ru-FeCoP/FF for
HER is only 32.7 k] mol™, lower than those of FeCoP/FF-Q
(53.1 k] mol™") or Ru-FeCoP/FF-C (40.2 k] mol™"). For OER, the
E, value of Ru-FeCoP/FF is 35.8 k] mol™!, lower than those of
FeCoP/FF-Q (70.8 k] mol™") or Ru-FeCoP/FF-C (43.1 k] mol™").
The above phenomena fundamentally reveal that the unique
interstitial Ru doping and distinct lattice tensile strain can
effectively promote a reduction in the HER and OER energy
barrier, thereby promoting an improvement in their reaction
kinetics. In addition, to reveal the important role of interstitial
Ru dopant in Ru-FeCoP/FF in the HER process, a poisoning
experiment with SCN~ was conducted in this work.
Subsequently, SCN™-poisoning experiments were also carried
out to determine the role of Ru sites in Ru-FeCoP/FF during
the alkaline HER process. After adding 9.6 g of KSCN to the 1
M KOH electrolyte, Fig. 4f shows that the HER performance of
Ru-FeCoP/FF deteriorates significantly after 3 h, indicating
that SCN™ leads to significant degradation in HER perform-
ance by poisoning Ru sites in Ru-FeCoP/FF. This phenomenon
confirms that the interstitial Ru dopant induced by the tensile
strain effect is the real active species for alkaline HER.

To more accurately reveal the catalytic mechanism and reac-
tion kinetics of Ru-FeCoP/FF, this work was combined with
DFT calculations to conduct an in-depth exploration. To
further reveal the electrocatalytic mechanism of Ru-FeCoP/FF,
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we established the DFT model of Ru-Fe,P/Ru-CoP (Fig. 4a) and
examined the electrocatalytic path for alkaline HER. It is
known that alkaline HER has multiple reaction processes,
mainly including the adsorption and dissociation of water
molecules, the adsorption of H*, and the desorption of hydro-
gen. Considering the complex reaction steps of alkaline HER,
the Gibbs free energy of the Ru site, Co site, and Ru-Co dual
sites (i.e., Ru is responsible for adsorbing/dissociating water
molecules, and Co is responsible for adsorbing/dissociating
H* intermediates) in the Ru-Fe,P/Ru-CoP model were calcu-
lated. As displayed in Fig. 4g, the Gibbs free energy of
adsorbed water for the Ru site (0.45 eV) is much higher than
that for the Co site, indicating that the Ru site is the optimal
site for adsorbing water molecules. Interestingly, the rate-
determining steps of the Co site, Ru site and Ru—-Co dual sites
are all H, desorption steps during the alkaline HER process.
Notably, the energy barrier of the Ru-Co dual sites for the rate-
determining step is —0.36 eV, which is much lower than those
of the Ru site (—0.55 eV) or the Co site (—0.46 eV). Therefore,
the Ru-Fe,P/Ru-CoP model follows the Ru-Co dual active sites
mechanism during the alkaline HER process. Specifically,
water molecules preferentially adsorb on the Ru site, and then
the dissociated H* intermediate migrates to the adjacent Co
site and releases H, at the Co site. In addition, the OER
process was also simulated in this work. The OER process
involves four main processes, namely OH* — *OH, *OH — *O,
*O — *OOH and *OOH — O,. As shown in Fig. 4h and i, the
rate-determining step (RDS) of the Ru-Fe,P/Ru-CoP and Fe,P/
CoP models in the OER process is the *OH — *O process.
Obviously, the RDS barriers of Fe and Co sites in the original
Fe,P/CoP model are 2.19 eV and 1.61 eV, respectively. Notably,
the RDS barrier of the Fe and Co sites near the Ru dopants in
the well-designed Ru-Fe,P/Ru-CoP model are 0.88 eV and 1.12
eV, respectively. The above results confirm that Fe atoms near
the Ru dopants act as a real OER active site to accelerate
oxygen evolution. Furthermore, the RDS barriers of Fe and Co
sites in the Ru-Fe,P/Ru-CoP model are much lower than those
of Fe and Co sites in the Fe,P/CoP model, indicating that the
introduction of Ru reduces the RDS barrier of the Fe (Co) site
and stimulates the intrinsic activity of the OER active site.
Surprisingly, the Fe active site in the interstitially doped Ru-
Fe,P/Ru-CoP model has a much lower RDS barrier than that of
Fe in the Fe,P/CoP model, revealing that the interstitial Ru
dopant can greatly optimize the OER reaction kinetics. In
summary, the tensile-strain-driven interstitial Ru doping has
an important influence on the reaction kinetics of HER and
OER of phosphides. The interstitial Ru dopant is used as the
HER active site, and the Ru-bonded Fe (or Co) atom is used as
the high-efficiency OER active site.

Given the excellent alkaline HER and OER performance
and durability of the Ru-FeCoP/FF electrode, this work further
assembled an Ru-FeCoP/FF electrolytic cell for an overall water
splitting (OWS) test. As shown in Fig. 5a, the Ru-FeCoP/FF elec-
trodes require only 1.52 V and 1.64 V to achieve current den-
sities of 100 mA cm ™ and 1 A cm 2. This is due to the Fe and
Co atoms with more positive charges acting as OER active
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duction images with different solutions for power supplied by solar
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sites, and the interstitial Ru dopants with more electrons
serving as HER active sites, synergistically expediting the HER
and OER kinetics. Fig. 5b and Table S61 show that the voltage
(E100) of the Ru-FeCoP/FF electrode at a current density of
100 mA cm™? is better than those of most reported bifunc-
tional electrodes. Notably, to further study the OWS efficiency,
the Faraday efficiency (FE) was measured (Fig. 5c). As shown in
Fig. 5d, the amount of H, and O, produced at a constant
current density of 100 mA cm™ is in good agreement with
theoretical calculations. The formation rates of H, and O, are
about 0.02 mmol min~" and 0.01 mmol min™", respectively.
The ratio of H, to O, is close to 2:1, indicating that water is
completely decomposed into hydrogen and oxygen.
Surprisingly, the Faraday efficiencies of HER and OER are
close to 99.8% and 99.4%, respectively. In addition, Fig. 5e
demonstrates the remarkable stability of Ru-FeCoP/FF for
OWS. Notably, under power supplied by solar panels, compari-
son images for gas production by the Ru-FeCoP/FF electrode
and the pure FF electrode in the same test environment
(Fig. 5f) confirm that the gas production effect of the well-
designed Ru-FeCoP/FF electrode is ideal. These results indicate
that Ru-FeCoP/FF shows ultra-high electrocatalytic efficiency
and good application prospects.

In addition, to explore the effect of Ru soaking time after
the phosphorization-liquid nitrogen quenching on the struc-
ture and properties of phosphides, the Ru soaking time
(20 min, 25 min, 35 min, and 40 min) were changed to obtain
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Ru-FeCoP/FF-20, Ru-FeCoP/FF-25, Ru-FeCoP/FF-35 and Ru-
FeCoP/FF-40. As shown in Fig. S21,1 the Ru-FeCoP/FF-20 elec-
trode has a smooth micro-flower structure. However, the Ru-
FeCoP/FF-25 electrode (Fig. S237) still has a micro-flower struc-
ture but with a rough surface. However, due to Ru soaking for
a long time, the thickness of the nanosheets in Ru-FeCoP/
FF-25 is greater than that in Ru-FeCoP/FF-20. As shown in
Fig. S25 and S27,f too long an Ru soaking time leads to
serious agglomeration of nanosheets in the Ru-FeCoP/FF-35
and Ru-FeCoP/FF-40 electrodes, which is not conducive to the
exposure of active sites. Therefore, the Ru soaking time has an
important regulatory effect on the physical structure of the
phosphide electrode. Fig. S22, 24, 26, and 281 show that Ru-
FeCoP/FF-20, Ru-FeCoP/FF-25, Ru-FeCoP/FF-35, and Ru-FeCoP/
FF-40 display peaks belonging to CoP and Fe,P phases, indicat-
ing that the four comparison electrodes are composed of CoP
and Fe,P phases. Moreover, the XRD pattern peaks of the CoP
and Fe,P phases in Ru-FeCoP/FF-20, Ru-FeCoP/FF-25, Ru-
FeCoP/FF-35, and Ru-FeCoP/FF-40 all shift to the left, confirm-
ing that the tensile strain is always present in all electrodes.
Furthermore, the corresponding ICP test (Table S17) reveals
that the doping amount of Ru in the phosphide increases with
extension of Ru soaking time. In addition, the HER and OER
performances of Ru-FeCoP/FF-20, Ru-FeCoP/FF-25, Ru-FeCoP/
FF-35, and Ru-FeCoP/FF-40 were also measured. Fig. S29af
shows that for the current density of Ru-FeCoP/FF-20, Ru-
FeCoP/FF-25, and Ru-FeCoP/FF-35 to reach 1 A cm™2 for HER
requires overpotentials of 223, 211, 243, and 178 mV, respect-
ively, much higher than that of the Ru-FeCoP/FF electrode
(158 mV). Similarly, Fig. S29b} shows that the OER overpoten-
tials of Ru-FeCoP/FF-20, Ru-FeCoP/FF-25, Ru-FeCoP/FF-35, and
Ru-FeCoP/FF-40 are 550, 490, 430, and 620 mV at a current
density of 1 A cm™2, respectively, larger than that of Ru-FeCoP/
FF (390 mV). The above phenomena confirm that the appropri-
ate doping of Ru plays an important role in optimizing the per-
formance of HER and OER. Fig. S29c and dt show that Ru-
FeCoP/FF-20, Ru-FeCoP/FF-25, Ru-FeCoP/FF-35, and Ru-FeCoP/
FF-40 have higher Tafel slopes for HER and OER, indicating
that these four comparison samples have slower HER and OER
reaction kinetics than Ru-FeCoP/FF. Fig. S30 and Table S3t
show that the R, values of HER and OER for Ru-FeCoP/FF-20
(1.18 Q, 1.07 ), Ru-FeCoP/FF-25 (1.36 Q, 1.29 Q), Ru-FeCoP/
FF-35 (2.08 Q, 1.89 Q) and Ru-FeCoP/FF-40 (4.68 Q, 2.11 Q) are
higher than those of the Ru-FeCoP/FF electrode. As shown in
Fig. S29e, f, S31 and 32,} the Cq values of the Ru-FeCoP/FF-20,
Ru-FeCoP/FF-25, Ru-FeCoP/FF-35 and Ru-FeCoP/FF-40 electro-
des for HER and OER are lower than those of Ru-FeCoP/FF,
due to the Ru soaking time greatly affecting their physical
structure and the doping content of Ru in the electrode. In
addition, Fig. S331 shows that Ru-FeCoP/FF-20, Ru-FeCoP/
FF-25, Ru-FeCoP/FF-35, and Ru-FeCoP/FF-40 need cell voltages
of 1.69, 1.75, 1.85, 1.91 V, respectively, to achieve a current
density of 1 A cm™?, lower than that of Ru-FeCoP/FF (1.64 V).
Therefore, the interstitial doping of trace Ru in the phosphide
can be achieved under the premise of maintaining the mor-
phology by using an appropriate Ru soaking time after the
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phosphorization-liquid  nitrogen  quenching
leading to an enhancement in Ru utilization.

treatment,

4. Conclusions

This work creatively developed a strain-driven interstitial Ru
doping strategy to synthesize an interstitially Ru doped-FeCoP/
FF electrode with 2.32% tensile strain. Significantly, we cleverly
utilized the ‘thermal expansion and cold contraction’ mecha-
nism of the lattice caused by the huge temperature difference
from quenching to promote Fe,P and CoP crystals to produce a
certain tensile strain. Stimulated by the stretched lattice, a
small amount of Ru atoms is spontaneously embedded into
the interstitial void of the phosphide crystal. As expected, the
well-designed Ru-FeCoP/FF electrode requires voltages of only
0.158 V and 0.390 V to achieve 1 A cm™? for HER and OER,
respectively. Moreover, the Ru-FeCoP/FF||Ru-FeCoP/FF electro-
lyzer needs a cell voltage of only 1.64 V to yield 1 A cm™> for
OWS, which is much better than that of Pt/C-FF||RuO,-FF.
Various characterizations reveal that the superior electro-
catalytic activity and stability of Ru-FeCoP/FF mainly came
from the tensile-strain-driven interstitial Ru doping, effectively
promoting charge reset of the Ru-FeCoP/FF electrode. Notably,
Co and Fe atoms with more positive charges are conducive to
the formation of Co(Fe)-OOH species with high OER activity.
Ru with more electrons can also be more stable during the
electrocatalytic process. Moreover, a stable Ru dopant with
optimized H* adsorption ability promotes alkaline HER kine-
tics. In addition, the tensile strain and interstitial Ru doping
also greatly optimize the E, values of HER and OER, thereby
reducing the reaction energy barrier. In summary, this work
provides new ideas for designing an Ru interstitially doped
electrode with optimized HER and OER kinetics.
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