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Abstract: The pursuit of highly active and cost-effective catalysts toward oxygen evolution reaction
(OER) is a crucial strategy to resolve the imminent energy crisis. NiFe layered double hydroxide
(NiFe LDH) is acknowledged as one of the most promising OER electrocatalysts in alkaline electrolytes.
Herein, we report a novel stepwise approach to synthesize NiFe LDHs materials merging with carbon
black (CB) via trisodium citrate (TC), modifying toward OER. Benefiting from the inimitable wrapped
structure, the decreased size of porous nanosheets and the superconductivity of CB substrate, NiFe
LDHSs/CB-TC presents excellent catalytic features with a comparative overpotential (236 mV at
10 mA cm™2) and an ultralow Tafel slope (31 mV dec™!), which are almost lower than those of
advanced catalysts associated with expensive carbonaceous materials. Therefore, it is expected that
such a high-activity and low-cost material can be a promising catalyst employed for the electrochemical
energy storage and conversion systems.

Keywords: oxygen evolution reaction; layered double hydroxide; carbon black; trisodium citrate;
electrocatalysts

1. Introduction

With the rapid depletion and quick decrease of fossil fuels, renewable and environmentally
friendly energy sources have been intensely researched as substituents [1,2]. In particular, hydrogen
is recognized as one of the most promising next-generation energies [3,4]. As a valid approach to
generate high-purity hydrogen, electrochemical water splitting has been largely hampered by its
anodic oxygen evolution reaction (OER), due to the sluggish reaction kinetics [5-8]. The early used
OER catalysts are some noble metal materials such as RuO; and IrO; for their high electrochemical
performance. However, high cost and low reserve limit their wide-ranging application [9,10]. Thus,
cost-effective electrocatalysts based on abundant free noble metals have stimulated extensive research
interests currently [11-15].

Among various promising catalysts, layered double hydroxides (LDHs) consisting of first-row
transition metals (Ni, Fe, Co, Mn etc.) have triggered considerable focus on OER owing to their specific
two-dimensional anionic clays and adjustable components characteristics [16-21]. Especially, NiFe
LDHs has been considered to be a promising class of catalytic materials toward OER [22-26]. Its highly
effect on catalytic properties can be ascribed to the synergistic interactions between Ni and Fe atoms
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compared with the single Ni and Fe components [27-29]. Nevertheless, the OER performances of NiFe
LDHs are still obstructed by their low exposure of active sites and poor electrical conductivity. To
overcome these difficulties, LDHs combining with diversified carbon materials with higher electrical
conductivity have been further investigated. The carbon materials are as follow: graphene [30-32],
carbon nanotubes (CNTs) [33], and carbon quantum dots (CQDs) [34]. It is widely acknowledged
that the smaller size of materials could lead to more exposed areas [35]. All sorts of approaches to
synthesizing LDHs have been carried out with designated functionalities. However, the specific
carbonaceous materials are difficult to form an efficient synergistic effect between Ni and Fe, resulting
in relatively fewer active sites for NiFe LDHs. Moreover, the common approaches to synthesizing
NiFe LDHs have the disadvantage of higher cost and complexity to realize large-scale production for
industrial application. Therefore, fabricating a cost-effective nanostructure of NiFe LDHs with large
catalytic surface areas is critically needed in the pursuit of superior OER electrocatalysts.

Herein, encouraged by these findings, we propose a novel approach to synthesize trisodium
citrate (TC)-modified NiFe LDHs catalysts merging with low-cost carbon black (CB) toward OER for
the first time. The CB provides both high electrical conductivity and large specific surface areas, while
NHA4F could make the surface of LDH layers form abundant pores due to the etching effect [36,37].
Alternatively, as a chelating agent, TC enhances the synergism between Ni and Fe, as well as the
coupling between LDHs and CB substrate. Moreover, decreasing and adjusting the size of nanoparticles
is also one of the prominent abilities of TC [38]. Consequently, the as-fabricated NiFe LDHs/CB-TC,
which contains fast electron transfer and a large number of active sites, exhibits a relatively low
overpotential of 236 mV at a current density of 10 mA/cm? and an ultralow Tafel slope of 31 mV-dec™!.

2. Results and Discussion

In recent years, NiFe LDHs associated with various carbon materials in 1D to 3D have been
synthesized and employed as oxygen evolution reaction (OER) electrocatalysts. Nonetheless, a strong
combination of NiFe LDHs and amorphous carbon black (CB) so far was rarely reported. As depicted
in Figure 1, a novel stepwise fabrication process of NiFe LDHs/CB-TC is schematically presented. We
first synthesized a flower-like NiFe LDHs through a modified hydrothermal method. After the doping
of oxidized CB via nitrate method (black), NiFe LDHs layers (yellow) generally showed a porous
surface. However, the simple bonding of both was too poor to exhibit an excellent OER performance.
To solve this problem, we introduced trisodium citrate (TC) to the reaction system to obtain a strongly
bonded NiFe LDHs/CB-TC material, where LDHs nanosheets were integrally wrapped by CB.

W P

NiFe LDHs

Figure 1. A schematic of the synthesis process of NiFe layered double hydroxides (NiFe LDHs)/carbon
black (CB)-trisodium citrate (TC).

Morphological features and the distinct microstructure of as-prepared samples were analyzed
by scanning electron microscope (SEM)), field-emission scanning electron microscopy (FESEM), and
transmission electron microscope (TEM), respectively. FESEM (Figure 2a) and TEM (Figure 3a,b)
images of BP2000 (the kind of CB used in this work) indicate its rough surface and amorphous structure
owing to the nonuniform spiral lattice fringes. The NiFe LDHs material consisting of numerous radially
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arranged and slightly wrinkled nanosheets presents a self-assembled flower-like morphology with a
size of about 6 pm in diameter (Figure 2b, Figure Sla,b). Furthermore, TEM images (Figure 3c,d) of
NiFe LDHs appear smooth, unbroken surface without any pores. Figure 2c and Figure Slc,d display
the morphology of NiFe LDHs/CB, suggesting that CB is randomly adsorbed on the outer surface of
the LDHs, which can be further proved by a control group (focal length) of TEM images (Figure S2a,b).
According to Figure 3e, NiFe LDHs/CB has an averaged lateral size of 200 nm. To further investigate
its microstructure, TEM images of NiFe LDHs/CB under higher magnification are picked up (Figure 3f,
Figure S2c,e). The abundant pores (4-7 nm, caused by the etching effect of NH4F) on the surface
of nanosheets are clearly displayed by the sharp contrast between NiFe LDHs and NiFe LDHs/CB.
Revealed by HRTEM image (Figure S2f), NiFe LDHs/CB show lattice fringes (015) with a d-spacing of
0.237 nm [39]. To further confirm the key role of NH4F, another control group study of NiFe LDHs/CB
with and without NH4F was conducted. The XRD patterns of the two compared samples (Figure S3)
indicate that the adding of NH4F can promote the crystallization. It is observed that (see Figure 54)
the surface of NiFe LDHs/CB without NH,4F is relatively smooth, while NiFe LDHs/CB with NH4F
(twice the molar quantities of the standard sample used in this work) presents plenty of uniform pores,
showing a better catalytic performance (see Figure S5). This sort of porous structure is expected to
provide a great number of active sites, which is beneficial for the diffusion of ions and the generated
gas. From Figure 4a,b, one can see that NiFe LDHs/CB-TC is distinctively oriented from the other three
samples. The randomly arranged nanosheets are fully wrapped by amorphous CB via a TC modified
method so that a strong interface connection between LDHs and CB can be ensured, which facilitates
the electron transfer during the OER procedure. An enlarged TEM image (Figure 4c) confirmed that
the lateral size of NiFe LDHs/CB-TC is about 100 nm on average compared to a size of 200 nm for
NiFe LDHs/CB. A high-resolution TEM image (Figure 4d) shows that the dominant lattice for NiFe
LDHs/CB-TC is determined to be the (015) crystal plane with a d spacing of 0.238 nm.

Figure 2. FESEM images of (a) BP2000, (b) NiFe LDHs, (c) NiFe LDHs/CB, and (d) NiFe LDHs/CB-TC.
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Figure 3. Original and the enlarged TEM images of (a,b) BP2000, (c,d) NiFe LDHs, and (e,f) NiFe

LDHs/CB.

The crystalline structural information of the as-prepared materials was examined by X-ray
diffraction (XRD), as illustrated in Figure 5a. It is observed that BP2000 has no characteristic peaks,
indicating its amorphous structure. The XRD profiles of NiFe LDHs (Figure S6) and NiFe LDHs/CB
well match the standard pattern (black curve, JCPDS card No. 38-0715), exhibiting a series of (003),
(006), (101), (012), (015), (018), (110), and (113) reflections at 2-theta of 11.3°, 22.7°, 33.4°, 34.4°, 38.7°,
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45.9°,59.9°, and 61.2°. Specifically, the intensity of NiFe LDHs/CB is integrally weaker than that of
NiFe LDHs because of the doping of amorphous BP2000. According to the formula of Scherrer: D = KA
/ BcosB, the diffusion broadening of the diffraction line means a smaller grain size. As depicted by the
NiFe LDHs/CB-TC XRD pattern, the two significantly broadened diffraction peaks at 33.7° and 60.1°
might be ascribed to the stacking defects and decreasing crystallite sizes, corresponding to the (101)
and (110) reflection of NiFe LDHs. Besides, the broad peak at about 23° is assigned to the (002) lattice
plane of carbon [40].

d= 0.238 nm
LDH (015)

Figure 4. (a—c) TEM and (d) HRTEM images of NiFe LDHs/CB-TC, inset in (d) is the FFT (Fast Fourier
Transform) pattern.

To further study the surface chemical compositions and oxidation states of NiFe LDHs/CB-TC, X-ray
photoelectron spectroscopy (XPS) is determined. The XPS spectrum is illustrated in Figure 5b, where a
series of peaks related to C, O, Ni, and Fe elements can be observed. As shown in Figure S7, the binding
energies at 284.6 eV and 531.9 eV are attributed to C 1s and O 1s, respectively. The high-resolution XPS
spectrum (Figure 5¢) of Ni 2p can be split into six peaks. The peaks positioned at 856.6 eV and 862.4 eV
are assigned to Ni?* 2p3/» and Ni** 2ps), and the peaks located at 874.2 eV and 880.3 eV are related
to Ni2* 2p1 and N3+ 2p12. Meanwhile, the satellite peak of Ni 2pz;, and Ni 2py/, occur at 864.6 eV
and 882.5 eV, respectively [41]. Moreover, the ratio of Ni?* and Ni®* is determined to be 2.1 by XPS
spectrum, suggesting the dominant valence state of Ni. Figure 5d exhibits the high-resolution XPS
spectrum of Fe 2p, which are deconvolved into eight peaks. The signals at 709.8 eV, 713.4 eV, 724.0
eV, and 726.8 eV correspond to Fe?™ 2ps», Fe* 2p3), Fe?™ 2pyp, and Fe>* 2py», while their respective
satellites occur at 717.4 eV, 720.2 eV, 730.5 eV, and 734.0 eV [42]. The ratio of Fe3* and Fe?™ is calculated
to be 4.1, indicating the main valence state of NiFe LDHs/CB-TC is Fe3*. The above-mentioned
results confirm the formation of Ni(II)Fe(Ill) LDHs-TC as we designed. Typically, the LDH presents
laminated structure in which divalent (M%*, e.g., Mg, Ni, Co) and trivalent (M3+, e.g., Al, FeCr) cations
coordinated with a hydroxyl group constitute a brucite-like major layer; besides, anion and water



Catalysts 2020, 10, 431 6 of 14

molecules occupy the interlamellar space [43]. However, in the actual synthesis, there will be different
valence states of the same metal in LDHs. It is worth noting that the results of XPS in this job reveal
the existence of a small amount of Ni®* and Fe? *. The existence of Ni?* is considered as unusual,
which plays an important role in improving OER performance [44]. In contrast, Ni®* deriving from
oxidation on the surface of CB may be an inactive species for OER owing to the high valence states and
difficulties for further oxidation. Thus, the ratio (2.1) of Ni?* to Ni** implies the high electrocatalytic
activity of NiFe LDHs-TC for OER. It is known to us that the H,O molecule can be dissociated into
hydrogen (H%) and hydroxyl (OH%) radicals by sonolysis [45]. The increased Fe?* might be from Fe3*
having reacted with H% radicals during ultrasonication.
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Figure 5. (a) XRD patterns of all samples; (b) XPS survey, (c) Ni 2p, (d) Fe 2p spectrum of NiFe
LDHs/CB-TC.

Additionally, the composition of Ni and Fe atoms estimated by EDS (Energy Dispersive
Spectrometer, Figure S8) is listed in Table S1. We conclude that the ratio of nickel and iron for
NiFe LDHs, NiFe LDHs/CB, and NiFe LDHs/CB-TC, is about 2.07, 2.24, and 1.88, respectively, which is
in accordance with the initial ratio of raw materials. Specifically, it can be observed that the atomic
percentage of C has a sharp increase for NiFe LDHs/CB in contrast to NiFe LDHs, suggesting the
successful introduction of CB. Furthermore, the C composition of NiFe LDHs/CB-TC is higher than
that of NiFe LDHs/CB, owing to the decreased C loss as the reaction proceeds, confirming the more
effective bonding between LDHs and CB caused by the introduction of TC.

The ratio of the Ni to Fe calculated by XPS for NiFe LDHs/CB-TC is also taken into account.
The result (1.81) is approximate to the EDS result (1.88) but with a slight difference. This subtle
difference may stem from the limitations of both tests. XPS can detect surface elements to a depth of
a few nanometers, while EDS can detect with a depth of micrometers. In this work, combining the
structure diagram and the TEM results, it can be seen that the surface of NiFe LDHs/CB-TC has a
certain thickness of the carbon layer. Thus, the unevenness of the internal and external components
will cause the result of XPS to be slightly different from that of EDS. A rational molar ratio of M2*/M3*
cation for stable structural NiFe LDHs is normally in the range of 2.0-4.0. According to Geng et al.’s
work, the Ni/Fe ratio could be varied from 0.1-9.0 in the LDHs, and NigFe; LDHs possesses the best
OER performance [39]. In this work, we have altered the Ni/Fe ratio of NiFe LDHs from 2.0 to 5.0 in
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the starting solution. The corresponding result of LSV confirms that NiFe; LDHs is the optimum
catalyst (Figure S9).

N, adsorption/desorption was employed to determine the mesoporous nature of materials.
Figure 510 shows the adsorption/desorption isotherms of NiFe LDHs as control, NiFe LDHs/CB and
NiFe LDHs/CB-TC, respectively. We discovered that the Brunauer Emmett Teller (BET) surface area
of NiFe LDHs/CB-TC reached 627.4 m?2 g‘l, which is approximately 17 times that of NiFe LDHs
(37.4 m? g7!) and 2 times that of NiFe LDHs/CB (375.0 m? g~!). The adsorption-desorption isotherms
of NiFe LDHs/CB-TC is classified as type-IV with a distinct hysteresis loop located in the relative
pressure (P/Pj) range of 0.6-1.0, indicating a typical feature of mesoporous material [46]. As shown
in Figures S11-513, the pore sizes of as-prepared samples are estimated by the Nonlocal Density
Functional Theory (NLDFT) method from 0 nm to 40 nm. NiFe LDHs presents a non-porous structure,
while NiFe LDHs/CB exhibits a mesoporous structure. The above results are consistent with TEM.
Notably, for NiFe LDHs/CB-TC, its pore size distribution mainly centers at 1.5-2.0 nm, 2.0-7.5 nm,
7.5-12.5 nm, and 12.5-35.0 nm, which further proves that the sample owns the pore form of the
mesopores. The mesoporous structure was caused by the addition of NH4F, and it is obvious that the
higher BET surface area was due to the introduction of TC. According to Wang’s work, trisodium
citrate can function as a chelating agent. Besides, the citrate ion, a layer intercalated agent, can control
the morphology and size of the «-Ni(OH), precursor growth of hierarchically porous NiO [47]. In
this work, we not only make full use of the properties, but also prove the enhancing bonding between
LDHs and CB by means of TC modifying to further improve the specific areas. The large specific
surface area and proper pore size facilitate the diffusion of electrons and OH- and lead to the fast
release of O, during oxygen evolution reaction. Furthermore, the large specific surface area can also
provide a great deal of active sites and more defects, resulting in excellent OER activities [48].

The electrocatalytic oxygen evolution reaction (OER) activities of as-obtained samples were
evaluated in O,~ saturated 1.0 M KOH solution under a typical three-electrode system at room
temperature (25 °C). All the materials associated, of which the catalyst loading is 0.25 mg/cm?, were
subjected to repeated cyclic voltammogram scans (CV) for 50 cycles firstly. IR-corrected polarization
curves were detected at a scan rate of 5 mV/s to minimize the capacitive current. According to the
previous report, the overpotential (1) calculated from IR-corrected polarization curves at 10 mA-cm ™2
was an important criterion to evaluate the OER activity [49]. As shown in Figure 6a,b, NiFe LDHs/CB-TC
requires a much smaller overpotential of 236 mV to afford a current density of 10 mA-cm~2, compared
to 362 mV for BP2000, 315 mV for NiFe LDHs, and 283 mV for NiFe LDHs/CB, respectively. To avoid
influencing the evaluation of the catalyst due to the overlapped with the Ni?* to Ni** oxidation
peak, we give the standard at 20 mA/cm~2 as follows: 264 mv, 308 mv, 346 mv, and 400 mv for NiFe
LDHs/CB-TC, NiFe LDHs/CB, NiFe LDHs, and BP2000, respectively. The linear portions of polarization
curves were fitted in the light of Tafel equation: n = b log j + a, where 1 is the overpotential, j is the
current density, and b is the Tafel slope [33]. As depicted in Figure 6¢, NiFe LDHs/CB-TC exhibits an
impressive Tafel slope of 31 mV-dec™!, indicating much better performance than that of NiFe LDHs/CB
(73 mV-dec™!), NiFe LDHs (77 mV-dec™!), and BP2000 (97 mV-dec™!). The high electrocatalytic
activity of the NiFe LDHs/CB-TC compares favourably with those of many high-performance Ni-Fe
LDH-based and commercial OER electrocatalysts in 1.0 M KOH (Table S2). The outstanding OER
performance of NiFe LDHs/CB-TC can be ascribed to the unique wrapped structure, the decreased size
of nanosheets, as well as the abundant pores on the surface of LDHs and the superconductivity of the
CB substrate. In detail, aside from the prime synergistic effect between Ni and Fe, this surrounded
porous conformation provides not only sufficient active sites for the OER reaction but also adequate
channels for the diffusion of the ions and the generated gas. In addition, the ability of electron transfer
can also be strengthened by the superconductive CB substrate.
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Figure 6. (a) Polarization curves of various samples and corresponding (b) comparison of overpotential
at 10 mA/cm?, (c) Tafel slopes; (d) Linear plots of cathodic charging currents versus the scan
rate and (e) electrochemical impedance spectra of NiFe LDHs, NiFe LDHs/CB, NiFe LDHs/CB-TC;
(f) Chronopotentiometry test of NiFe LDHs/CB-TC at 10 mA/cm? in 1M KOH.

To underlie the mechanism for the superior activity and the size-dependent synergy catalytic effect,
the electrochemical active surface area (ECSA) measurement was conducted after cyclic voltammograms
(CVs) at 100 mV/s for 50 cycles (Figure S14a). Figure S11b—d display the CVs obtained with different
scan rates in a non-Faradaic region (0.0 V-0.1 V versus SCE). The double layer capacitance (Cgj),
which is estimated by the slope of the scan rate versus the current density plot, can be adopted as a
reasonable parameter to represent the improved active surface areas [50]. As depicted in Figure 6d,
NiFe LDHs/CB-TC exhibits the larger Cq; (205.66 uF cm™2) than that of NiFe LDHs/CB (179.08 uF cm™2)
and NiFe LDHs (74.54 uF cm~2), demonstrating the intrinsic extraordinary catalytic activity of the
active sites in NiFe LDHs/CB-TC. Electrochemical impedance spectroscopy (EIS) was performed to
examine the charge-transfer kinetics for OER. According to Figure 6e, NiFe LDHs and NiFe LDHs/CB
possess an R value (the charge transfer resistance, calculated approximately from the diameter of the
semicircle [51]) of 1.20 Q cm~2 and 1.06 Q cm~2, respectively, both of which are larger than that of
NiFe LDHs/CB-TC (0.90 Q) cm~2). This indicates that the hybrid of CB via the TC-modified method
can facilitate the accelerated electron/proton transfer for OER. The corresponding equivalent circuit of
all samples for EIS can refer to Figure S15. Besides, the long-term durability of NiFe LDHs/CB-TC
was determined by chronopotentiometry at a constant anodic current density of 10 mA cm™2 for at
least 6 h. The NiFe LDHs/CB-TC catalyst presents good stability with a slight shift from 1.47 V to
1.59 V (versus RHE, Reversible Hydrogen Electrode) after a 21,600-s continuous test. During the
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chronopotentiometry test, we observe that the mechanical binding between the NiFe LDH/CB-TC
powder and GC electrode is weak: even if we add Nafion as a binder, many pieces of catalyst were lost
to the electrolyte. Moreover, the oxygen that is continuously precipitated in the working electrode
during the electrochemical process may cause slight damage to the structure, and both situations can
be ascribed to the slight decay of durability.

According to the above discussion and analysis, the superior electrocatalytic activities of the
as-prepared NiFe LDHs/CB-TC sample toward OER can be ascribed to the introduction of TC for the
following four possible reasons. (a) Before adding the precipitant, TC as a dispersant can effectively
prevent the agglomeration of LDHs precursors and CB, which can create a uniform and stable
environment for the nucleation reaction. During the following step, TC is employed to decrease the
nucleation and growth rate of crystals but increase self-attachment interaction, resulting in uniform
hierarchical structures [52]. (b) As a chelating agent, a TC molecule possesses one hydroxyl group (OH)
and three carboxyl groups (COO). Both the COO and OH can serve as binding sites to coordinate with
metal ions [53]. In this work, TC interacts with Fe3* and Ni2* to form complexes, which enhances the
ligand effect and stabilizes the configuration of LDHs. (c) More importantly, TC possesses a superior
capping capability, which can be proved by the LDHs structure covered by CB (NiFe LDHs/CB-TC)
compared to the random and scattered distribution of CB on the surface of LDHs (NiFe LDHs/CB).
This high coverage of CB can offer a high conductivity and prevent the LDHs from corrosion under the
harsh reaction medium to achieve a high and stable activity. (d) Finally, combined with NH4F, we
take full advantage of these properties of TC to design a carbon-encapsulated porous LDHs structure.
In contrast to NiFe LDHs/CB, the synergistic effect of CB and the NiFe LDHs nanosheet is enhanced
to effectively promote OER activity due to the unique construction. Moreover, porous LDHs with a
high exposure of active sites could greatly accelerate electron/mass transfer and promote electrolyte
diffusion. Therefore, the result indicates that as-prepared NiFe LDHs/CB-TC is a cost-effective catalyst
toward OER in alkaline electrolyte.

3. Materials and Methods

3.1. Chemicals and Materials

Nickel(II) nitrate hexahydrate (Ni(NOs),-6H,0), iron (III) nitrate nonahydrate (Fe(NO3)3-9H,0),
urea (CO(NH3);), ammonium fluoride (NH4F), nitric acid (HNQO3), absolute ethanol (C,HsOH),
trisodium citrate (NazC¢H50Oy, TC) were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All of the above chemicals were of analytical reagent grade and obtained without any further
purification. Carbon black (CB, BLACK PEARLS ® 2000) was from Cabot Corporation (Boston, MA,
USA), while ionomer solution was Nafion (5 wt %) from DuPont (Wilmington, DE, USA). Ultrapure
water was utilized throughout the experiments by a EPED-10TS Purification System (EPED-10TS,
Chinese EPED Corporation, Shanghai, China).

3.2. Preparation of Carbon Black (CB)

Prior to the synthesis, the concentrated nitric acid was essentially used as a treatment solution for
carbon black (CB). Firstly, a mixed solution consists of concentrated nitric acid (68 wt %, 9.265 g) and
ultrapure water (27 g) was placed in a 100 mL beaker. With the addition of CB (2 g), the mixture was
then gradually poured into the flask under a magnetically stirring at 90 °C for 4 h. After cooling down
to room temperature, the mixture was transferred into a measuring beaker of exact 500 mL. Following
this, 16 g NaOH was dispersed in 200 mL of ultrapure water to form a 2 mol/L solution, which was
then added dropwise to the beaker until the PH was up to 7. Finally, the precipitate was thoroughly
washed with ultrapure water 8 times and dried in vacuum at 60 °C overnight.
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3.3. Preparation of NiFe LDHs, NiFe LDHs/CB

In a standard hydrothermal method of NiFe LDHs preparation, 0.8 mM Ni(NO3),-6H,0O, 0.4 mM
Fe(NO3)3-9H,0, and 3.6 mM NHyF were utterly dissolved in 20 mL of ultrapure water firstly. The
total molar amount of metal cations was kept as a constant. Afterwards, 360 mg of urea was added
to the solution, which was then set in an ultrasound bath for 30 min. Subsequently, the resulting
suspension was subjected to a hydrothermal method at 120 °C for 12 h. After cooling down to room
temperature, the as-synthesized sediment was gathered, followed by rinsing with ultrapure water and
absolute ethanol three times, respectively. At last, the production was aged in a vacuum oven at 60 °C
throughout the night. For the NiFe LDHs/CB composites, the processes are the same as that of NiFe
LDHs except for the addition of CB (2.0 g/L).

3.4. Preparation of NiFe LDHs/CB-TC

In brief, synthesized CB (2.0 g/L) and Na3CsH507 (1.2 mM, TC) was dispersed in 20 mL of ultrapure
water, firstly. After 30 min of ultrasound, Ni(NOj3),-6H,0O (0.8 mM), Fe(NO3)3-9H,0 (0.4 mM), and
NH4F (3.6 mM) were dissolved in the suspension. For the sufficient adsorption of Fe3* and Ni?* ions
onto the CB surface, the mixture was sonicated for another 30 min. Then, the solution was stirred
vigorously at 60 °C for 10 min with the addition of urea (6.0 mM). The subsequent procedure was the
same as the synthesis of NiFe LDHs.

3.5. Characterizations

The crystalline phases were identified by an X-ray diffractometer (XRD, D8 Advance, Cu K,
Bruker, Billerica, MA, USA) at a scan speed of 0.2, ranging from 10° to 80°. To acquire the potential
information of the materials” microstructure, the scanning electron microscope (SEM, Hitachi, Tokyo,
Japan) measurement was conducted on S-3400N II at 30 kV, while the field emission scanning electron
microscope (FESEM, FEI, Hillsboro, OR, USA) determination was performed on an FEI NOVA
NanoSEM230. The high-resolution transmission electron microscope (HRTEM, FEI, Hillsboro, OR,
USA) images were taken by a TECNAI F20. The X-ray photoelectron spectroscopy (XPS, ULVAC-PHI,
Chigasaki, Japan) data were recorded by PHI 5000 VersaProbe with an Al K« radiator at 5 kV. Nitrogen
sorption isotherms of the LDHs composites were collected at 77K by ASAP 2020. Brunauer Emmett
Teller (BET, Micromeritics, Norcross, GA, USA) and Nonlocal Density Functional Theory (NLDFT)
were used for the specific surface area and porosity evaluations, respectively.

3.6. Electrochemical Measurements

All electrochemical measurements were conducted on an electrochemical workstation (Gamry
Reference 3000, Warminster, PA, USA) in a configured three-electrode system, of which a glassy carbon
disk electrode (GC, 5 mm in diameter) acted as a working electrode, a saturated calomel electrode
(SCE) served as a reference electrode, and a platinum wire worked as a counter electrode. The catalyst
ink was fabricated as follows: 5 mg of catalyst was first dispersed in 1 mL of solution, which consists of
0.95 mL of ethanol and 0.05 mL of Nafion (5% wt), followed by ultrasonication for 30 min to generate a
homogeneous ink (for pure NiFe LDHs, adding extra 2 mg XC-72). Then, 9.8 uL of the ink was dripped
onto the polished GC electrode with a loading amount of 0.25 mg/cm?. Prior to the test, the electrolyte
using 1.0 M KOH was purged by O, for at least 30 min. If without extra statement, all the potentials
presented were converted to the RHE reference scale based on the formula (Ergg = Escg + 0.059 x pH
+ 0.241 V). Meanwhile, all the data appeared was IR-corrected.

The cyclic voltammetry measurement (CV) was carried out to activate the samples ranging from
1.0 V to 1.5 V versus RHE for 50 cycles. Linear sweep voltammetry (LSV) curves were recorded at
a scan rate of 5 mV/s. The electrochemically active surface area (ECSA), which was determined by
the double layer capacitance (Cq1), was obtained by CVs within the range of 0.0-0.1 V versus SCE at
various scan rates (20, 40, 60, 80, and 100 mV/s). Electrochemical impedance spectroscopy (EIS) was
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conducted on the same system with AC impedance over a frequency from 0.01 to 10° Hz. With the
current density set at 10 mA/cm?, chronopotentiometry (CP) measurements were examined for 6 h.

4. Conclusions

In summary, after a systematic study, we contributed a novel stepwise strategy to synthesize
trisodium citrate (TC)-modified NiFe LDHs catalysts merging with low-cost carbon black (CB) toward
OER for the first time. The optimized NiFe LDHs/CB-TC catalyst is more active than NiFe LDHs/CB
and NiFe LDHs. This excellent OER performance can be ascribed to its unique structural advantages.
The superconductive CB substrate ensures fast charge transfer, and the porous surface of NiFe LDHs
can provide an efficient channel to active sites for ion access and oxygen escape. Furthermore, the
integrally wrapped structure and the decreased average size of NiFe LDHs from 200 to 100 nm result
in a larger surface area to afford more active sites, indicating a strong interface connection with the
bonding of LDHs and CB as well as the enhancement of the synergistic effect between Ni and Fe.
Consequently, NiFe LDHs/CB-TC exhibits superior electrochemical features toward OER with a low
overpotential (236 mV at 10 mA cm™2) and Tafel slope (31 mV dec™), which are almost lower than that
of those NiFe-based catalysts coupling with expensive carbon materials. This work aims to provide a
facile strategy to synthesize a cost-effective OER catalyst as substituents to realize large-scale production
for industrial application. Moreover, we also offer a valid approach to solving the problem in the
formation of an efficient synergistic effect between Ni and Fe with the specific carbonaceous materials.
It is expected that such a high-activity and low-cost catalyst can be promising for employment in
electrochemical energy storage and conversion systems.
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