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Hierarchical Core-Shell N-Doped Carbon @ FeP,-CoP Arrays
as Robust Bifunctional Electrocatalysts for Overall Water
Splitting at High Current Density

Puxuan Yan, Yan Hu, Elvis Shoko, Tayirjan Taylor Isimjan,* Jianniao Tian,

and Xiulin Yang*

1. Introduction

Exploring non-precious metal-based electrocatalysts at high current density

and stability is an urgent issue for sustainable H, production. Here, hier-
archical core-shell N-doped carbon encapsulated array-like FeP, and CoP
active components have been fabricated in situ on the surface of nickel
foam (NC@FeP,-CoP/NF) by etching sheet-like ZIF-67 arrays, Prussian
analog formation, and phosphating in turns. The crystallinity, hierarchical
heterostructure, and chemical state have been carefully discussed. Electro-
chemical studies demonstrate that the catalyst displays excellent electro-
catalytic activity and durability in electrochemical oxygen evolution reaction
(7720 = 218 mV) and hydrogen evolution reaction (77;o = 116 mV), better than
most previously reported bifunctional catalysts. Moreover, the bifunctional
catalyst only needs 1.72 and 1.80 V cell voltages at 500 and 1000 mA cm™2
respectively, together with a good catalytic stability at 500 mA cm=2 for

48 h, implying potential commercialization prospects. This excellent elec-
trocatalytic performance is mainly attributed to the distinctive hierarchical
structure as well as core-shell NC encapsulated FeP,-CoP active sites, which
can enhance the charge transport rate, inhibit the exfoliation of the active
materials, provide a larger active surface area, and facilitate electrolyte diffu-

sion and gas release.
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To mitigate the negative impacts of
energy generation on climate and health,
hydrogen is considered the most prom-
ising candidate to replace conventional
fossil fuels! Offering a promising
carbon-neutral path for hydrogen produc-
tion, water splitting becomes one of the
very promising strategies. The oxygen
evolution reaction (OER) involves a slug-
gish four electron transfer procedure, it
requires higher overpotential to overcome
the energy barriers and enhance overall
water splitting compared to the two-
electron transfer process of the hydrogen
evolution reaction (HER).Z Precious
metal composites (Pt/C and RuO,) have
respectively exhibited the outstanding
electrocatalytic activities for water split-
ting.’l But their scarcity and high cost
limit their practical industrial applica-
tion.! Moreover, most of the HER and
OER catalysts reported are limited by low
current density.”] There is an urgent need
to research earth-rich highly efficient cata-
lyst materials at large current density and durable performance
for overall water splitting.

Metal-organic frameworks (MOF) are self-assembled crystal-
line material by metal salts and organic ligands,® constituting
ideal precursors for porous carbon-supported OER catalysts.]
These supported catalysts have high active surface area and
porous channels, which can shorten electrolyte transport path
during electrochemical reactions and display good stability,®!
including Co@Co304/hollow N-doped carbon polyhedral,’
Co30,4/N-doped carbon,® and CoO/CuO@N codoped carbon
nanosheet.!' However, MOF-derived hybrids with suitable
graphitic structures are normally obtained at relatively high
temperatures (>800 °C),! which favors the self-aggregation of
bulk MOF phases, resulting in both the loss of active sites,!'?!
and intensive energy consumption in the catalyst manufac-
turing process. Furthermore, in contrast to test electrodes
prepared by bonding catalysts on a glassy carbon electrode,!*!
in situ catalyst growth on porous conductive carriers,™ such
as nickel foam, carbon cloth, and carbon paper can yield
more exposed active sites and/or enhance electrolyte and gas
diffusion.l®]
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Figure 1. a) Schematic synthesis process of NC@FeP,-CoP/NF. X-ray diffraction (XRD) patterns of b) Co;[Fe(CN)g],/NF and c) NC@FeP,-CoP/NF.

These desirable functional properties of porous conductive
carriers could be harnessed to develop highly efficient transition
metal phosphide catalysts for electrochemical applications. In
contrast to transition metal oxides, transition metal phosphides
exhibit metalloid characteristics of good electrical conductivity
and chemical stability,"™!] along with an optimized hydrogen
binding energy,®! yielding high electrocatalytic activities toward
HER. Transition metal phosphides, such as FeP/Ni,P,>] CoP,[]
Ni-CoP@C,® and NiCoP,!! show simultaneous activity for
both HER and OER, a feature that is particularly true for the
cobalt phosphides.™ Nonetheless, metal phosphides still
exhibit a relatively high overpotential for the OER, an important
limitation for these catalyst systems that must be overcome in
order to unlock their potential for industrial application. Pre-
vious research has shown that careful nanostructuring of these
catalyst systems to expose lots of active sites is a particularly
effective strategy to partially alleviate this limitation by reducing
the charge transfer resistance.[' Therefore, developing gentle
preparation routes to fabricate transition metal phosphides on
porous conductive carriers that allow controllable nanostruc-
turing is an important research direction for water splitting
technologies.

Herein, we have developed an efficient strategy for con-
structing hierarchical core-shell N-doped carbon encapsu-
lated CoP and FeP, arrays on nickel foam (NC@FeP,-CoP/
NF). The as-prepared catalyst was fabricated by in situ growth
ZIF-67 sheet array on NF skeleton, etching formation of
Prussian analog, as well as an additional phosphating pro-
cess. The resulted composite shows a unique array-like struc-
ture composed of core-shell components. According to our
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electrochemical results, the NC@FeP,-CoP/NF catalyst has
the smallest overpotential (218 mV) at 20 mA cm™ as well as
the lowest Tafel slope (50.9 mV dec™) among the other cata-
lyst including NC@CoP/NF (258 mV), RuO,/NF (279 mV), and
most previously reported similar catalysts. The outstanding cat-
alytic performance is attributed to the unique synergy between
Fe and Co species resulted in array-like morphology and a
better charge transfer. In addition, the optimized NC@FeP
CoP/NF also shows good stability under the simulated indus-
trial high current density.

2. Results and Discussion

The fabrication procedure of NC@FeP,-CoP/NF is presented
in Figure la. First, the blue purple ZIF-67 sheet is uniformly
constructed on NF skeleton by immersion of the NF in the
mixed solution of Co(NO;), and 2-methylimidazole. According
to Figure S2, Supporting Information, the ZIF-67 is unstable in
water but stable in pure ethanol during the 12 h due to hydrogen
ions.?% When potassium ferricyanide aqueous solution was
mixed with ZIF-67 ethanol suspension, the gray green of the
mixture gradually changes into brown (Figure S3, Supporting
Information), explaining that the as-prepared ZIF-67 was slowly
dissociated into cobalt ions in the water.?!l Meanwhile, the dis-
sociated cobalt ions and ferricyanide ions in the mixed solution
react in situ to synthesize Co;[Fe(CN)g],. After further immer-
sion for 12 h at room temperature, the ZIF-67 is completely
transformed into Cos[Fe(CN)¢], on the NF, where the Co and
Fe atoms are distributed at the atomic level in the bimetallic

© 2021 Wiley-VCH GmbH
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Figure 2. a) Scanning electron microscopy (SEM) images of Cos[Fe(CN)¢],/NF. SEM and high-magnification SEM images of b) NC@FeP,-CoP/NF, and
c) particle size distribution of NC@FeP,-CoP. d) Nitrogen adsorption—desorption isotherms of NC@FeP,-CoP.

organic complex of Cos[Fe(CN)g], which allows a uniform phos-
phatization.?Z Studies have shown that Prussian analog is a
stable complex, and the structure will not collapse during high-
temperature pyrolysis.?l During the subsequent phosphating
treatment, Cos[Fe(CN)g], can be decomposed and react with
PH; to from FeP, and CoP,*?) while CN~ coordination ions
are pyrolyzed into N-doped carbon materials (Table S1, Sup-
porting Information) and interwoven over the surface of active
species. The loading of NC@FeP,-CoP on NF is =74 mg cm™.
As a comparison, NC@CoP, RuO, and Pt/C loading on NF are
respectively 79, 2.0, and 1.0 mg cm™2.

The transformation of the crystal structure of species was
analyzed by XRD. It can be observed from Figure S4, Sup-
porting Information that the pattern of ZIF-67 on NF skeleton
exactly matches that of ZIF-67 previously published in the liter-
atures.?!l After soaking in ferricyanide ion solution, the ZIF-67
is in situ transformed into Cos[Fe(CN)g], (JCPDS: 23-0189)
(Figure 1b). After sufficient phosphating treatment, ZIF-67 can
be converted into NC@CoP (JCPDS: 29-0497) (Figure S5, Sup-
porting Information), while Cos;[Fe(CN)¢], can be completely
phosphated into orthorhombic CoP (JCPDS: 29-0497) along
with orthorhombic FeP, (JCPDS: 34-0996) in NC@FeP,-CoP
composite (Figure 1c), which was further confirmed by trans-
mission electron microscopy (TEM). The high noise-to-signal is
mostly due to the low crystallinity of the phosphide.[?’]

We used scanning electron microscopy (SEM) to observe the
material microstructure. It can be seen from Figure S6, Sup-
porting Information that ZIF-67 completely covers the sur-
face of NF, and the high-resolution SEM shows a crisscrossed
sheet structure with a thickness of =154 nm. After converting
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ZIF-67/NF to Cos[Fe(CN)g],/NF, the smooth sheet structure is
transformed into an array structure composed of many par-
ticulate structures, (Figure 2a). After phosphating, there is
almost no change in the catalyst morphology (Figure 2b). The
high magnification SEM image of NC@FeP,-CoP/NF reveals
that the average particle size is =55.3 nm according to the size
distribution of 100 particles (Figure 2c). On the contrary, the
structure of the NC@CoP/NF after phosphating of ZIF-67/NF
has collapsed significantly (Figure S7, Supporting Information).
The four-probe test showed that the conductivity of NC@FeP,-
CoP/NF was 1727 S cm™ (Table S2, Supporting Information),
indicating good conductivity.

The surface area and porosity of as-synthesized NC@
FeP,-CoP and NC@CoP were measured using the N, adsorp-
tion-desorption isotherm experiments. The obtained curve
is consistent with a typical IIl-type isotherm with hysteresis
loop. The specific surface area of hierarchical NC@FeP,-CoP
is 29.4 m? g7, which is much higher than that of NC@CoP
(3.0 m? g7!) (Figure S8, Supporting Information). Its average
pore size is 17.8 nm (Figure 2d). The role of ZIF-67 is a hard
template where the Co and Fe atoms are closely compacted
therefore easier to form a film on the surface through thermal
annealing and easy to create controllable porous surface mor-
phology. The high specific surface area and mesoporous prop-
erties help to accelerate the transport of electrolyte and gas
emission, 2%l thereby improving electrocatalytic performance.

TEM of NC@FeP,-CoP after ultrasonic exfoliation indicates
that the particulate FeP, and CoP are well-distributed in the
framework of the NC composite (Figure 3a). The high-resolution
TEM images show the FeP, and CoP particles around 10 nm in

© 2021 Wiley-VCH GmbH
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Figure 3. a) Transmission electron microscopy (TEM) and b) High-resolution TEM images of NC@FeP,-CoP. c) HAADF-STEM images of NC@FeP,-

CoP and d) elemental mappings of Co, Fe, P, C, and N, respectively.

size which were encapsulated by a 1.7 nm NC shell (Figure 3b).
The nano-level dispersion of two species generates a sufficient
interface that promotes the charge transfer through the con-
ductive NC shell consequently better efficiency as compared to
CoP. This structure can provide higher electronic conductivity
(Table S2, Supporting Information) and can effectively inhibit
the peeling of the active material, thereby improving the long-
term stability of the catalytic material.?® As shown in Figure 3c,
a clear set of 0.247 nm interplanar distances belong to the (111)
crystal plane of monoclinic CoP,"™*] and the other two types of
interplanar distances (0.184 and 0.161 nm) respectively belong
to the (152) and (-261) crystal planes of orthorhombic FeP,.[*8!
In addition, the elemental mappings about NC@FeP,-CoP
explain that Co, Fe, P, C, and N elements are evenly dispersed
in the entire structure of NC@FeP,-CoP (Figure 3d).

The chemical state of surface elements in NC@FeP,
CoP was further checked by XPS. The survey spectrum
reveals NC@FeP,-CoP contains Fe, Co, P, C, and N elements
(Figure S9a, Supporting Information). Based on carbon spe-
cies obtained through Prussian blue analog phosphating,*”! we
deconvolute the high resolution C 1s range to C=C (284.0 eV),
C-C (284.8 eV), and C-N/C-O (286.1 eV) (Figure S9b, Sup-
porting Information).’” In the Co 2p;;, range, the binding
energies at 778.6, 780.9, and 783.7 eV are ascribed to the Co
phosphating species, partially oxidized Co species, and the sat-
ellite peak, respectively (Figure 4a).”*!l In the Fe 2p;, range,
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The spectrum is divided into four main peaks (Figure 4b), of
which a small peak at 706.8 eV can be attributed to the Fe—P
bond derived from FeP,,d and the binding energy at 708.3 eV
corresponds to the Fe(Ill) species,3¥ and two peaks at 712.4
and 714.7 eV belong to satellite peaks. As shown in Figure 4c,
there are three peaks mainly identified as P—O and metal-P
chemical bonds, among which the peak of 133.8 eV represents
the P—O bond generated due to phosphorus surface oxidation,
and two peaks at 129.4 and 130.3 eV are consistent with P 2p;,
and P 2p;, of metal-P bonds.!” In Figure 4d, two strong peaks
at 3972 and 401.1 eV can be respectively assigned to pyridine
nitrogen and graphite nitrogen in the N 1s range.>*34

The OER performance of various catalysts was evalu-
ated by using a three-electrode system in 1.0 m KOH. It can
be seen from Figure 5a that as the overpotential increases,
there is an oxidation peak that converts low valence of Co
to high valence between 0 and 0.2 V, and then the OER cur-
rent density increases rapidly, the corresponding overpoten-
tial at 10 mA cm™ difficult to identify, due to the peak valley
appeared at the same position therefore the overpotentials at
20 mA cm™ is used instead for comparison. We can observe
that the overpotentials of NC@FeP,-CoP/NF only need 218 mV
(20 mA cm?) and 255 mV (100 mA cm™2), which is far better
than other designed catalysts and most previously published
catalysts (Table S3, Supporting Information). Notably, the NC@
FeP,-CoP/NF (218 mV@20 mA cm™?) catalyst performs much

© 2021 Wiley-VCH GmbH
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Figure 4. High-resolution XPS spectra of a) Co 2ps,, b) Fe 2p;,, c) P 2p, and d) N 1s for NC@FeP,-CoP/NF.

== NC@FeP,-CoP/NF b e NC@FeP,-COPINF
150 |===NC@CoP/NF 0.40 e NC@CoP/NF
e RUO,INF =~ R e RUO,/NF
§ 120~ NF T0.35 > NF
£ 255 mV = 155
o S 1
< 90 - A
g 50.30 3¢5
~ S Q‘“
— 60 (4 5 A
00.25 o ae
A 509
30 218 mV T 8
/4 0.20 Al
0 ﬁ / °
0.00 0.15 0.30 0.45 0.0 0.5 1.0 1.5 2.0
Overpotential (V) log |j mA cm™2|
c d A=l @ NC@FeP,-CoP/NF
325 109 @ NC@CoPINF
35d 12 @ RuO,/NF
35b —
> Q @35e £ 9
Eors 35h <
5 35¢c
" 250 ° _% 22?3 S o
1 a—
18Q 159 <
225 — ) 3
This work | X | 35f 9 37.2 mF cm™
200 0lgo0o —o0 —9 —o 9
30 45 60 75 90 2 4 6 8 10

Tafel slope (mV dec™)

Scan rate (mV s™)

Figure 5. a) LSV polarization curves of NC@FeP,-CoP/NF along with various control catalysts for OER. b) Tafel plots of various catalysts from (a). c) A

summary diagram of Tafel slopes and overpotentials at 20 mA cm2 of different catalysts reported recently.l">

CV curves with different scan rates in a non-Faradaic potential region.

Adv. Mater. Interfaces 2021, 2100065

2100065 (5 of 9)

13,15,18,22,35] d)

The summarized Cy from

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a o

INTERFACES

www.advmatinterfaces.de

e NC@FeP,-CoP e NC@FeP,-COP/NF
(s NC@COPINFf f~ -~~~ -~~~ -~ S 0.1 e NC@COP/NF
15 e PUCINF % | s e PY/C/NF
‘r e NF "‘zb % 0.0 ==NF
£ 30 £ o 32.9 my dec'
< 4 53.7 -1
E“ : ——llvdec”
- 202 116
> .4
- 3 w
1
0.3 04.5 my dec~
|
0.4 ; : ‘
04 03 02 01 00 06 09 12 15 18
C E/V (vs. RHE) - log|j mA cm?|
OER @ NC@CoP-FeP,@NF de HER @ NC@CoP-FeP,@NF
1.50 20 mA cm™ 1.0% '
fm [m) '
Z 1.35 =
» ®
Z 2
=1.20 2
w IT]
0.2 T R I TR T
s ’ 10mAcm? 9.5%
0 6 12 18 24 30 36 42 48 0 9 18 27 36 45
Time (h) Time (h)

Figure 6. a) LSV polarization curves of NC@FeP,-CoP/NF, NC@CoP/NF, Pt/C/NF, and NF for HER. b) Tafel plots of various catalysts from (a). Chro-
nopotentiometry curves of NC@FeP,-CoP/NF for c) OER and d) HER at the different current densities.

better than that of NC@FeCoO,/NF (301 mV@20 mA cm™)
(Figure S10, Supporting Information), indicating the impor-
tance of forming metal phosphide. As shown in Figure 5b, the
Tafel slope (50.9 mV dec™) of NC@FeP,-CoP/NF is smaller
than those of NC@CoP/NF (65.0 mV dec) and RuO,/NF
(61.0 mV dec™), indicating a faster OER catalytic kinetics.[343¢]
In alkaline solution, the widely reported OER catalytic mecha-
nism is carried out by four intermediates of *OH, *O, *OOH,
and O, on the active site.””) The loading of RuO,/NF on the
surface of NF is =2 mg cm™. We compare NC@FeP,CoP/
NF with similar catalysts published recently and show them
in Figure 5c. It can be noted that the catalysts developed in
this work have outstanding advantages in these two aspects,
implying that it has a good prospect of industrial application.
As we discuss shortly, the outstanding electrocatalytic capa-
bility is closely related to the faster charge transport speed and
the larger electrochemically active surface area (ECSA). The
Nyquist diagram was obtained by electrochemical impedance
spectrum. As shown in Figure S11, Supporting Information,
the smaller semicircle diameter, the faster the charge transport
speed of the electrode. Compared with others, the NC@FeP,
CoP/NF has a smaller semicircle diameter, indicating a faster
charge transfer capability, which can be attributed to the catalyst
with unique NC shell and array structure, effectively shortening
the ion diffusion path.’® Many studies have found that the
ECSA increases as the electrochemical double layer capacitance
(Cq) increase.™ The Cy of NC@FeP,-CoP/NF is 724.7 mF cm™2,
it is =1.3 and 19.6 times higher than NC@CoP/NF and RuO,/
NF catalysts (Figure 5d, Figure S12, Supporting Information).
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This result is attributed to the catalyst hierarchical structure
that can expose more active sites. Furthermore, the NC@FeP,-
CoP/NF catalyst shows a high turnover frequency (TOF). For
example, NC@FeP,-CoP/NF can obtain a 0.011 s TOF value
at lower overpotential of 276 mV (Figure S13 and Table S4,
Supporting Information), than the 350 mV overpotential of
NC@CoP/NF, indicating that NC@FeP,-CoP/NF has better
intrinsic activity.3%

The NC@FeP,-CoP/NF catalyst was further evaluated about
HER properties via linear sweep voltammetry (LSV) curves. This
catalyst shows a lower overpotential of 116 mV at 10 mA cm™ in
1.0 m KOH, it is superior to the control NC@CoP/NF (218 mV)
and NF (249 mV) catalysts (Figure 6a). Figure 6b shows
that the Tafel slope of NC@FeP,-CoP/NF is 53.7 mV dec’),
revealing that the HER process by NC@FeP,CoP/NF elec-
trode proceeds through the Volmer-Heyrovsky mechanism, !
where H' ion is adsorbed on the surface of NC@FeP,-CoP to
form the H* species, then one H* combines with a H* and
an electron to form H, molecule.*!! The stability study of the
three-electrode system has important guiding significance for
evaluating the catalyst potential for industrial application. In
1.0 m KOH, Figure 6c is a long-term stability study of NC@
FeP,-CoP/NF catalyst at a constant of 20 mA cm™2. The average
relative deviation of OER catalytic stability has only declined by
=1% after 48 h of continuous operation, showing outstanding
stability. The XPS (Figure S14, Supporting Information) and
SEM (Figure S15, Supporting Information) analyses were per-
formed on the catalyst after long-term stability testing. The
SEM result indicates a minor change in the morphology but

(6 of 9) © 2021 Wiley-VCH GmbH
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Figure 7. a) Overall water splitting study of NC@FeP,-CoP/NF(/) as a bifunctional catalyst in 30 wt% KOH solution. b) Durability test of NC@ FeP,-
CoP/NFt/) at 500 mA cm=2 in a simulated industrialized two-electrode system.

on the other hand, the XPS shows completely different surface
properties as compared to as-prepared samples, for example,
the P was mostly oxidized and Fe and Co positions were shifted.
However, new (oxy)hydroxide species appeared on the surface
which is widely reported as the actual active sites of metal phos-
phide OER catalyst.*?! Similar catalytic stability is also observed
in the long-term stability study of the HER (Figure 6d). Due to
the unique structure of the hybrid catalyst, it can be seen that
the voltage of NC@FeP,-CoP/NF catalyst has declined by =9.5%
after running for 48 h at —-10 mA cm™, that is, the carbon-
encapsulated NC shell can effectively reduce the exfoliation of
catalytically active particles and also regulate the adsorption
energy of the product gas thereby facilitating its release.

To meet the needs of industrial applications, the overall
water splitting activity of NC@FeP,-CoP/NF(/) was studied
in a typical two-electrode system. Initially, we explored a NC@
FeP,-CoP/NF bifunctional catalyst for overall water splitting
in 1.0 m KOH, it is found that it only needs a total voltage of
1.68 V at 20 mA cm™2, which is better than most previously pub-
lished similar catalysts (Figure S16, Supporting Information).
More importantly, since industrialized overall water splitting
is mostly performed in 30 wt% KOH solution and is oper-
ated under high current density greater than 500 mA cm2*!
we further studied the performance of bifunctional NC@FeP,-
CoP/NF%/) catalyst under simulated industrial demand. The
required total voltages of NC@FeP,-CoP/NF(*/) catalyst are
1.61, 1.72, and 1.80 V at 100, 500, and 1000 mA cm in 30 wt%
KOH (Figure 7a), respectively. This result is superior to
RuO,M//NiSx-Mo0,!) and RuO,)//Pt/C) under similar reac-
tion conditions as we previously reported.*) Moreover, when
the two-electrode system of NC@FeP,CoP/NF*/) is operated
for 48 h at 500 mA cm™2, the stability study shows that the total
voltage only increases by =7.8% (Figure 7b), showing good pros-
pects for industrial application.

3. Conclusions

In conclusion, we have designed a controllable method of
hierarchical core-shell N-doped carbon encapsulated FeP,-
CoP active nanoparticle arrays on nickel foam skeleton. XRD
explored the crystal structure, SEM and TEM analyzed the
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microstructure, BET confirmed the porosity, and XPS analyzed
the surface chemical state of the hybrid material. Electrochem-
ical OER indicates that the NC@FeP,-CoP/NF catalyst only
needs 218 and 250 mV overpotentials at 20 and 100 mA cm™2,
accompanied by a small Tafel slope, low charge transfer imped-
ance, large Cy, and outstanding stability, they are better than
most previously published catalysts. Meanwhile, the electro-
chemical HER also shows good electrocatalytic activity and
stability, showing excellent functional overall water splitting
characteristics. Specifically, the NC@FeP,-CoP/NF catalyst only
requires cell voltages of 1.61, 1.72, and 1.80 V at 100, 500, and
1000 mA cm™ respectively, along with long-term large-current
stability, demonstrating good prospects for commercial applica-
tion. Based on overall water splitting, the proposed synthesis
strategy may provide the possibility to develop facile and endur-
able electrocatalysts in industrial applications.

4. Experimental Section

Synthesis of ZIF/67 and Cos[Fe(CN)g],/NF: The ZIF-67/NF composite
was prepared according to our previously reported work.l*l Then, 20 mg
of K3[Fe(CN)g] was dissolved in 20 mL of deionized water in a beaker,
and the ZIF-67/NF was immersed in 20 mL of ethanol in another beaker.
After that, the Ks3[Fe(CN)¢] solution was poured into the ethanol solution
containing the ZIF-67/NF, and left for 12 h at room temperature. The
resulted sample was then taken out, rinsed with abundant water, and
dried in an oven at 38 °C for 12 h. The resulting dark blue sample was
nominated as Co;[Fe(CN)g],/NF.

Synthesis of NC@ FeP,-CoP/NF and NC@ CoP/NF: The phosphidation
process was performed in a tube furnace, where the NaH,PO, was
located in the upstream side and the Cos[Fe(CN)g],/NF was located
next to the NaH,PO, at a downstream side. The temperature was raised
to 350 °C at 5 °C min™, and kept for 3 h under an Ar gas flow. The
resulting samples with black color were designated as NC@FeP,-CoP/
NF. As a control, black NC@CoP/NF was also prepared by the similar
phosphating method as described above. In addition, RuO,/NF and
Pt/C/NF were also prepared according to the previously reported
method,™ in which the loading of RuO, and Pt/C were set to 2 and
1 mg cm™?, respectively.

Electrochemical Measurements: The electrocatalytic activity for OER
was measured by a standard three-electrode system of electrochemical
workstation (Biologic VMP3) with 1.0 m KOH (pH = 13.5) as the
electrolyte. The prepared samples were used as the working electrode.
The reference electrode and the counter electrode were a saturated
calomel electrode (SCE) and a carbon rod, respectively. Before tests, the
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catalysts were cycled several times via cyclic voltammetry (CV) between
0 and 0.8 V. LSV was carried out at a scan rate of 2 mV s™.

The potential of Egye was calibrated by the equation of Epye =
Esce+0.241 + 0.059pH = Egce + 1.037, which was consistent with
the RHE voltage calibration result of 1.037 V (Figure S1, Supporting
Information). All the LSV polarization curves were corrected by the
equation of E.,, = Egye — iR, where E ., was the corrected potential (V),
i was the test current (A), and R, was the solution resistance obtained
from electrochemical impedance spectroscopy (EIS, ). The EIS
measurements were performed at 1.54 V (versus RHE) with frequencies
from 200 kHz to 0.1 Hz. The stability of the samples was investigated
by chronopotentiometry at varying current densities of 10, 20, and
500 mA cm™2, respectively.

The double layer capacitance (Cy) of all catalysts were studied in a
potential window with non-faradaic current in 1.0 M KOH. The scan rates
were in the range of 1to 10 mV s7, and the Cy4 was calculated by the
equation of Cy = (j, — jo)/(2 X V), where j, and j. were the respective
current density of anode and cathode, and v is the scan rate.

Overall Water Splitting: The overall water splitting of the two
electrodes was first carried out in 1.0 m KOH solution. In this process,
the designed NC@FeP,-CoP/NF(/) catalyst acted as a bifunctional
catalyst for both cathode and anode electrodes. Then, the evaluation of
the bifunctional catalyst was continued in a 30 wt% KOH solution that
simulated industrial application conditions. The electrocatalytic activity
and stability of the bifunctional catalyst were particularly explored under
high current density conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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