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Anionic Regulated NiFe (Oxy)Sulfide Electrocatalysts for

Water Oxidation

Bo-Quan Li, Shu-Yuan Zhang, Cheng Tang, Xiaoyang Cui, and Qiang Zhang*

The construction of active sites with intrinsic oxygen evolution reaction (OER) is of
great significance to overcome the limited efficiency of abundant sustainable energy
devices such as fuel cells, rechargeable metal-air batteries, and in water splitting.
Anionic regulation of electrocatalysts by modulating the electronic structure of
active sites significantly promotes OER performance. To prove the concept, NiFeS
electrocatalysts are fabricated with gradual variation of atomic ratio of S:O. With the
rise of S content, the overpotential for water oxidation exhibits a volcano plot under
anionic regulation. The optimized NiFeS-2 electrocatalyst under anionic regulation
possesses the lowest OER overpotential of 286 mV at 10 mA cm™ and the fastest
kinetics being 56.3 mV dec™ to date. The anionic regulation methodology not only
serves as an effective strategy to construct superb OER electrocatalysts, but also
enlightens a new point of view for the in-depth understanding of electrocatalysis at

the electronic and atomic level.

The exhaustion of traditional fossil fuels and growing
demand of energy encourage us to develop sustainable and
clean energy systems, such as fuel cells, rechargeable metal—
air batteries, and water splitting devices.['l Oxygen evolution
reaction (OER) constitutes the core process but severely
limits the efficiency of the above energy devices due to its
sluggish kinetics.>*! Many OER electrocatalysts have been
proposed,*l among which ionic compounds are widely inve-
stigated and exhibit outstanding reactivity.”! Yet, new insights
into OER electrocatalysis are still in urgent request for
rational design of superb OER electrocatalysts.

The construction of active sites with extraordinary
intrinsic water oxidation reactivity is of great significance
toward OER electrocatalysis. A pivotal issue of rational
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electrocatalyst design is to optimize the electronic structure
of the active sites to facilitate water oxidation.[’! OER is a
typical surface reaction consisting of reactant adsorption,
electron transfer, and product desorption.>”] Appropriate
electronic structure of active sites is favorable for the above
processes and therefore the electrocatalyst exhibits superb
OER reactivity. Therefore, effective regulation of the elec-
tronic structure of the active sites is the key to superb OER
performance.

The electronic structure is usually regulated by coordina-
tion of multiple elements in inorganic compounds. Doping,
etching, and substitution of ions are widely accepted to
modulate the electronic structure and therefore enhance the
OER performance.® Cationic regulation has been a mature
method by the substitution of the cations of the electrocat-
alysts. For instance, Sr** was doped into PrBa,_,Sr,C0,0s,4
perovskite to regulate the concentration of surface Co* for
OER promotion.[] The exploration of Mn doping toward
NiFe hydroxides,['%] the electronic structure regulated by Co
incorporation,l''l and Fe-doped nickel sulfides as efficient
OER electrocatalysts!'?l were also highly concerned.

Anionic regulation is another promising route to tune the
electronic structure of an inorganic materials.['3 Specifically,
anions serve as electron donors and militate the cations by
electron interactions. The nature of the anions determines the
properties of the interaction and the reactivity of the active
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sites. Particularly, the polarization of the anions is crucial to
the overall electronic structure of the active sites because it
regulates the covalency and the ionicity of the interactions
between cations and anions.#! Herein, the anionic regulation
strategy is proposed to tune the electronic structure of the
OER active sites by modulating anions in typical NiFe (oxy)
sulfide electrocatalysts.

The concept of anionic regulation is illustrated in Figure 1.
Metal cations constitute the actual active sites of OER reac-
tion, while the adjacent anions regulate the electronic structure
of the active sites. Nonpolarized anions appear as dominant
ionicity and the electron interaction is weak. The cations pro-
vide strong positive electric field, which is favorable for the
adsorption of negative hydroxyl but adverse to oxygen desorp-
tion, as shown in Figure 1a. In contrast, polarized anions afford
electrons into the empty orbits of the cations to promote the
covalency of the interaction. However, when the anions adja-
cent to the central cations are dominantly polarized, the reac-
tants cannot feel enough positive electric field and therefore
the adsorption of hydroxyl is deficient (Figure 1c). When a
suitable polarization degree is attained (Figure 1b), the elec-
tronic structure of the active sites is optimized by coordina-
tion of the covalency and ionicity of the interaction between
anions and cations. Such tunable electronic structure facili-
tates the adsorption, electron transfer, and desorption process
simultaneously and the as-obtained electrocatalyst therefore
exhibits superb OER performance.

To verify the concept of anionic regulation, the couple
of oxygen and sulfur is selected as tunable anions, with NiFe
serving as the cationic component regarded as superior active
sites for OER in many cases.'>! Oxygen anions are typical
hard anions and usually nonpolarized, while sulfur anions are
soft and tend to be polarized in sulfides. Moreover, oxygen
and sulfur derive from the same VIA group of the periodic
table which reduces the difficulty of anionic regulation.[®]
A series of S-O anionic regulated electrocatalysts were
fabricated with similar morphology but gradually varied
composition of the anions. The OER reactivity of the as-
obtained electrocatalysts are therefore sufficiently regulated,
exhibiting a volcano plot describing the overpotential at
10.0 mA cm™? depending on the atomic ratio of S:O. The
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Figure 1. Schematic of anionic regulation by optimizing the electronic structure of active sites
toward water oxidation. a) The cations provide strong positive electric field which is favorable
for the adsorption of negative hydroxyl but adverse to oxygen desorption; b) The optimized
electronic structure under anionic regulation facilitates the adsorption of reactants, electron
transfer, and product desorption, therefore, promotes the OER electrocatalysis; ¢) When the
anions adjacent to the central cations are dominant polarized, the reactants cannot feel
enough positive electric field and therefore the adsorption of hydroxyl is deficient.
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optimized electrocatalyst under anionic regulation dem-
onstrates superb performance toward OER (286 mV at
10.0 mA cm™?) and water splitting (1.64 V at 10.0 mA cm™),
even better than the state-of-the-art IrO, electrocatalyst.

The apparent OER performance is otherwise limited by
the amount of active sites exposed to reactants and elec-
trons.l'®!7] In order to verify the anionic regulation strategy,
such limitation should be eliminated to guarantee that the
OER performance can sufficiently demonstrate the intrinsic
reactivity of the anionic regulated electrocatalysts. There-
fore, a pomegranate-like nanostructured electrocatalyst with
nanosized active phases hybridized into a 3D conductive
framework is selected to evaluate the intrinsic reactivity of
the NiFe-based electrocatalysts.l'8] A novel spatially confined
synthetic method is introduced (Figure 2a) in which 3D gra-
phene framework (GF) with abundant 5-10 nm mesopores
was applied to spatially confine the growth of active species
(Figure 2b and Figure S1 (Supporting Information)).

NiFe layered double hydroxide (NiFeLDH) nanoparti-
cles with a size range of 3-8 nm were then synthesized by in
situ coprecipitation with GF, resulting in a pomegranate-like
structure of NiFeLDH precursor (Figure 2c and Figure S2
(Supporting Information)). The X-ray diffraction (XRD) pat-
terns (Figure S3, Supporting Information) demonstrate the
hydroxide phase of the NiFeLDH precursor (PDF#38-0715).
The Ni/Fe ratio of the NiFeLDH precursor is determined
to be 2.85 and 3.05 by X-ray photoelectron spectroscopy
(XPS) and energy disperse spectroscopy (EDS), respec-
tively (Figure S4, Supporting Information). Such nanosized
NiFeLDH precursor guarantees the anionic regulation of vul-
canization and fully exposure of active sites toward reactants.

The anionic regulation of the electrocatalysts was real-
ized by vulcanization of the NiFeLDH precursor using
thioacetamide (TAA) as the vulcanization reagent.'”] The
resultant is named as NiFeS-x, where x marks the mass ratio
of TAA:NiFeLDH. As illustrated in Figure 2d and Figure S5
(Supporting Information), NiFeS-2 exhibits a morphology
of NiFeS nanoparticles with an average diameter of =20 nm
hybridized with GF. Further high-resolution transmission
electrom microscope (TEM) image (Figure 2¢) and XRD pat-
terns (Figure 2f) identify that the phase of NiFeS-2 is (NiFe)S,
(PDF#88-1701), with the observed lattice
fringe being (1 0 0) and the corresponding
interplanar spacing being 0.532 nm. The S
and O content is calculated to be 18.7 and
13.0 at%, respectively, by XPS spectrum in
Figure S6 (Supporting Information).

The nonvulcanized NiFeS-0 was syn-
thesized without adding TAA agent. The
morphology (Figure S7, Supporting Infor-
mation) and the XRD pattern (Figure S8,
Supporting Information) of NiFeS-0 elec-
trocatalyst are similar to those of the
NiFeLDH precursor, suggesting no obvious
change with aspect of structure or consti-
tution. The sulfur content of NiFeS-0 is
less than 1.0 at%, which is similar to the
analysis result for NiFeLDH (Figure S9,
Supporting Information). NiFeS-0.5 is the
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Figure 2. Structure characterization of anionic regulated electrocatalysts. a) Scheme of spatially confined synthesis of NiFeS electrocatalysts by
coprecipitation and vulcanization. TEM images of b) GF, ¢) NiFeLDH, and d) NiFeS-2. e) High-resolution TEM image and f) XRD patterns of NiFeS-2

electrocatalyst.

slightly vulcanized sample, demonstrating the morphology of
NiFeLDH being in process of transformation (Figure S10, Sup-
porting Information). The sulfur content sharply increases to
7.0 at% (Figure S11, Supporting Information). The XRD pat-
tern exhibits a mixture of hydroxides and sulfides (Figure S12,
Supporting Information). As for the overvulcanized NiFeS-8
with extra TAA added, the NiFeS nanoparticles are larger
than NiFeS-2 but still within the size of 50 nm (Figure S13,
Supporting Information). A very high sulfur content of
39.5 at% is detected on NiFeS-8 electrocatalyst (Figure S14,
Supporting Information), and (NiFe)S, is identified to be the
main phase of NiFeS-8, with partial FeNi,S, (PDF#42-1449)
observed (Figure S15, Supporting Information). The NiFeS-x
electrocatalysts derived from NiFeLDH precursor share sim-
ilar morphology with nanosized NiFeS particles hybridized
with conductive GF, guaranteeing the fully exposure of active
sites and sufficient conductivity toward OER electrocatalysis.
In order to identify the composition of anionic regulated
NiFeS electrocatalysts, XPS and EDS were carried out to
obtain the surface and bulk compositions. In Figure 3a, both
XPS and EDS exhibit similar results of the atomic ratio of
Ni:Fe being close to 3, demonstrating that the Ni:Fe atomic
ratio of the NiFeS electrocatalysts is quite stable against vul-
canization. However, the atomic ratio of S:O demonstrates
obvious variation as expected. With the addition of TAA as
vulcanization reagent, sulfur gradually substitutes the original
oxygen to form anionic regulated electrocatalysts. The atomic
ratio of S:O rises from 0.025 (NiFeS-0) to 2.35 (NiFeS-8) as
characterized by XPS. The EDS results are coincident with
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XPS analysis, with the atomic ratio of S:O raising rapidly. No
oxygen is detected in NiFeS-2 or NiFeS-8 by EDS analysis,
indicating the efficient vulcanization. The element analysis
confirms the successful fabrication of anionic regulated elec-
trocatalysts, making ready for further OER performance
characterization (Table S1, Supporting Information).

The OER performance was characterized using a three-
electrode system in O,-saturated 0.10 m KOH electrolyte at
room temperature. Figure 3b demonstrates the liner sweep
voltammetry (LSV) profiles calibrated with 95% iR-com-
pensation. The redox peaks around 1.44 V versus revers-
ible hydrogen electrode (RHE) is ascribed to the Ni**/Ni**
redox process. The overpotential at 10.0 mA cm™ is usually
selected as the core parameter to evaluate the OER reac-
tivity.”l As illustrated in Figure 3c, OER reactivity is effec-
tively regulated by anionic substitution. The overpotential
at 10.0 mA cm™ decreases from 329 mV (NiFeS-0), 308 mV
(NiFeS-0.5), to an optimized 286 mV (NiFeS-2) but increases
to 364 mV for NiFeS-8, exhibiting a unique volcano plot
under anionic regulation. Tafel plots were calculated using
the LSV curves according to the Tafel equation 1 = blog(j/j,),
where 7 is the overpotential, j is the current density, j, is the
exchange current density, and b is the Tafel slope. The Tafel
plots in Figure S16 (Supporting Information) exhibit similar
tendency over anionic regulation, with the NiFeS-2 electro-
catalyst possessing the fastest kinetics being 56.3 mV dec™'.
By fitting the OER reactivity with anionic constitution, the
anionic regulation strategy is proved to be very effective for
water oxidation enhancement.
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Figure 3. Elemental composition analysis of NiFeS-x electrocatalysts and corresponding OER reactivity. a) Atomic ratio of Ni:Fe and S:0 of NiFeS-x
electrocatalysts determined by XPS and EDS. b) 95% iR-compensated LSV profiles at a scan rate of 10.0 mV s7! in O,-saturated 0.10 M KOH.
¢) Volcano plots of OER reactivity characterized by the overpotential at 10.0 mA cm=2 against the vulcanization degree under anionic regulation.

To further probe the mechanism of the anionic regula-
tion strategy, high-resolution XPS analysis was performed
(Figure 4). With the substitution of sulfur, high-resolution S
2p XPS spectra exhibit an increased content of sulfur. The
profiles shift to lower binding energy, which is typical for
sulfides.??!l The O 2p XPS spectra exhibit similar shifting
to lower binding energy, which is induced by the polariza-
tion effect of sulfur component.?!l Despite that the Fe 2p
XPS spectra remain identical among the samples, the high-
resolution XPS spectra of Ni 2p demonstrate obvious shifting
to lower binding energy, suggesting lower oxidative state by
receiving more electrons under anionic regulation. Sulfur
anions are easily polarized and further share dispersive
electrons with adjacent metal ions. The electron interaction
promotes the covalency of the bonds between cations and
anions. With more electrons achieved, the nickel cationic
sites afford less positive electronic field, which is unambigu-
ously proved by the Ni 2p XPS spectra. Notably, the nickel
redox around 1.44 V versus RHE in Figure 3b decreases with
the substitution of sulfur, which affords a side evidence of

nickel accepting electrons and becoming more difficult to be
oxidized. In contrast, the oxygen anions serve as nonpolar-
ized components and play the opposite role to regulate the
interactions favorable to ionicity. By anionic regulation of
oxygen and sulfur, the electronic structure of the active sites
is significantly modulated. With the fine balance of covalency
and ionicity and optimized electronic structure of active sites
under anionic regulation, the NiFeS-2 electrocatalyst exhibits
superb performance for OER.

In order to probe the practical performance of the anionic
regulated electrocatalysts, more electrochemical tests were
carried out. The optimized NiFeS-2 exhibits an ultralow over-
potential at 10.0 mA cm™ toward OER (286 mV) and is 94 mV
lower than the state-of-the-art IrO, (380 mV) (Figure 5a), which
is among the best OER electrocatalysts till now (Table S2,
Supporting Information). The Tafel slope is also significantly
decreased from 108 mV dec™! for IrO, to 56.3 mV dec™
for NiFeS-2 (Figure 5a, inserted). The NiFeS-2 also delivers
the largest electrochemical active surface area (ECSA) among
all the NiFeS-x electrocatalysts (Figure S17, Supporting
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Figure 4. High-resolution S 2p, O 2p, Fe 2p, and Ni 2p XPS spectra of NiFeS-x electrocatalysts. The anionic regulated electrocatalysts exhibit the

shifting to lower binding energy with aspects of S, O, and Ni spectra.
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Figure 5. Electrochemical evaluation of the optimized NiFeS-2 electrocatalyst under anionic regulation. a) OER LSV profiles and inserted Tafel plots
of NiFeS-2 and IrO, electrocatalysts in O,-saturated 0.10 m KOH. b) LSV profiles and inserted picture of NiFeS-2 and Pt/C-IrO, electrocatalyst for

overall water splitting in N,-saturated 1.0 m KOH.

Information). In addition, NiFeS-x electrocatalysts exhibit
superb conductivity evaluated by electrochemical impedance
spectroscopy (EIS) in Figure S18 (Supporting Information),
which is attributed to the hybridization with conductive gra-
phene framework. The stability of NiFeS-2 against OER was
tested by comparing the OER profiles before and after long-
time durability tests at a constant potential required to reach
an initial current density of 10.0 mA ¢cm™. The overpotential
at 10.0 mA cm™ increases 20 mV after 10 000 s and 48 mV
after 20 000 s (Figure S19, Supporting Information), exhibiting
excellent stability toward OER. The morphology of NiFeS-2
remains the same as the pristine electrocatalyst, confirming
the robust structure and stability of the NiFeS-2 electrocatalyst
(Figure S20, Supporting Information).

Hydrogen evolution reaction (HER) was character-
ized in N,-saturated 1.0 m KOH electrolyte. The LSV curves
in Figure S21 (Supporting Information) demonstrate that
NiFeS-2 possesses the ability to catalyze HER but inferior
to Pt/C. The overpotential at 10.0 mA cm™ is 281 mV com-
parable to other HER electrocatalysts (Table S3, Supporting
Information).

The overall water splitting performance of NiFeS-2 was
tested in N,-saturated 1.0 m KOH using a two-electrode
system (Figure 5b, inserted). NiFeS-2 was coated onto nickel
foam (NF) with an areal loading of 0.25 mg cm™. Pt/C/NF and
IrO,/NF electrodes were fabricated using the same method
for comparison. The potential required to reach 10.0 mA cm™
is 1.64 V, which is only 20 mV higher than the state-of-the-
art Pt/C-IrO, electrocatalysts, exhibiting extraordinary water
splitting reactivity considering the low areal loading of the
working electrode (Table S4, Supporting Information). The
LSV curves of water splitting on NF supported NiFeS-2
electrocatalyst demonstrate a tiny rise of overpotential at
10.0 mA cm™2 after a 40 000 s durability test (Figure S22, Sup-
porting Information), suggesting excellent stability in prac-
tical use. The optimized NiFeS-2 under anionic regulation
possesses superb performance toward overall water splitting
and is remarkably promising for further applications.

Considering the superior OER performance of the NiFeS
electrocatalysts, it is necessary to inquire into the anionic reg-
ulation methodology at electronic and atomic level. The NiFe
component serves as active sites toward water oxidation,
whose intrinsic active 3d electrons can be transferred during
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OER electrocatalysis. The property of the active 3d electrons
is highly dependent on the electronic structure of the overall
NiFe active sites, which can be significantly affected by adja-
cent anions. The anionic regulation methodology herein is
to modulate the NiFe active sites using antagonistic oxygen
and sulfur anions. The nonpolarized oxygen anions hold their
electrons tightly, rendering high ionicity and intense posi-
tive electric field of cations, which is unfavorable for oxygen
desorption. In contrast, the polarized sulfur anions tend to
give their dispersive electrons to the empty orbits of NiFe
sites and therefore promote the covalency of the interaction
between cations and anions. When the antagonistic effect is
balanced, the overall active domain affords optimized elec-
tronic structure and exhibits superior reactivity toward water
oxidation. The anionic regulation methodology affords a
fresh insight into ionic interactions and electrocatalyst den-
sign for OER, closely associating the microscopic electronic
structure with the macroscopic electrocatalytic performance.
In summary, we propose the novel strategy of anionic
regulation to modulate the electronic structure of active sites
in NiFe (oxy)sulfides for promoting OER performance. The
proof-of-concept NiFeS electrocatalysts were fabricated with
gradual variation of atomic ratio of S:O. The polarized sulfur
anions and the nonpolarized oxygen anions synergetically
regulate the electronic structure of the active sites by electron
interaction with the cations. Dispersive electrons of polarized
anions are shared with adjacent cations and thus regulate the
covalency and ionicity of the interactions between cations
and anions. The optimized electrocatalyst under anionic reg-
ulation exhibits superb reactivity toward OER (286 mV at
10 mA cm™) and is much better than the state-of-the-art IrO,.
The anionic regulation methodology not only serves as an
effective strategy to construct superb OER electrocatalysts,
but also enlightens a new point of view of in-depth under-
standing of electrocatalysis at electronic and atomic level.

Supporting Information

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