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a b s t r a c t

Electrochemical water splitting represents a promising alternative to conventional carbon-

based energy sources. The hydrogen evolution reaction (HER) is a key process, still if

conducted in alkaline media, its kinetics is slow thus requiring high amount of Pt based

catalysts. Extensive research has been focused on reducing Pt utilization by pursuing

careful electrode investigation. Here, a low-cost chemical methodology is reported to

obtain large amount of microflowers made of interconnected NiO nanowalls (20 nm thick)

wisely decorated with ultralow amounts of Pt nanoparticles. These decorated micro-

flowers, dispersed onto graphene paper by drop casting, build a high performance HER

electrode exhibiting an overpotential of only 66 mV at current density of 10 mA cm�2 under

alkaline conditions. Intrinsic activity of catalyst was evaluated by measuring the Tafel plot

(as low as 82 mV/dec) and turnover frequencies (2.07 s�1 for a Pt loading of 11.2 mg cm�2).

The effect of Pt decoration has been modelled through energy band bending supported by

electrochemical analyses. A full cell for alkaline electrochemical water splitting has been

built, composed of Pt decorated NiO microflowers as cathode and bare NiO microflowers as

anode, showing a low potential of 1.57 V to afford a current density of 10 mA cm�2 and a

good long-term stability. The reported results pave the way towards an extensive utiliza-

tion of Ni based nanostructures with ultralow Pt content for efficient electrochemical water

splitting.
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Introduction

Electrochemical water splitting represents a promising strat-

egy to provide sustainable clean energy source from the con-

version of water into chemicals and fuels [1e5]. It is composed

of two half reactions, hydrogen evolution reaction (HER) and

oxygen evolution reaction (OER), both of which are potential

candidates for future clean energy sources [1,3,6e9]. Themain

limiting factor of these reactions is represented by their

sluggish kinetics [1,10,11].

The hydrogen evolution reaction (HER) is one of the most

often studied electrocatalytic processes because of its indus-

trial and technological interest for producing hydrogen gas

through a limited number of reaction steps [12e14].

The reaction occurs at cathode via a two-electrons reaction

[15]:

2Hþ þ 2e�/H2 (1)

From an industrial perspective onwater electrolysis, HER is

often conducted in alkaline media to achieve higher stability

of the catalyst materials [14]. In alkaline medium, HER pro-

ceeds through two steps [11,12,16,17]:

1. First, the catalyst splits a H2Omolecule (Volmer step) into a

hydroxyl ion (OH�) and an adsorbed hydrogen atom (Hads);

2. then, a hydrogen molecule is formed via either the inter-

action of the Hads atom and water molecule (Heyrovsky

step) or the combination of two Hads atoms (Tafel step).

However, the kinetics of HER in alkaline medium are slow

if compared with those in acid environment because of the

low concentration of available protons. As a consequence, this

process will require additional effort to obtain protons by

water dissociation near or on electrode surface.

The state-of-art HER catalyst is platinum (Pt) and its alloys,

but the scarcity and cost of Pt, universally considered a critical

raw material, limit its large-scale application for electrolysis

[15]. In past decades, extensive research has been focused on

the development of practical alternatives to Pt, as efficient and

renewable energy sources [16,18]. These have resulted in the

identification of a variety of promising HER catalysts free of

precious metals such as sulfides, phosphides, carbides, ni-

trides, selenides, and borides [3,19,20].

At the same time, enhancing the efficiency of noble metals

utilization may also provide a realistic approach to the

development of high-performance and cost-effective cata-

lysts. While Pt is well-known to be effective for the adsorption

of Hads atoms, the overall sluggish HER kinetics in alkaline

solutions stems from the insufficient catalyzing capability of

Pt toward the cleavage of the H�OH bond. A possible solution

consists in the creation of catalysts with a combination of

metal oxides and Pt, where the oxides promote the dissocia-

tion of H2O and the nearby Pt facilitates the adsorption and

recombination of Hads into molecular H2 [15,18,21].

The transition metal oxide NiO is considered a valuable

candidate as active material for electrochemical water split-

ting thanks to its Earth abundance and low cost [22].

Furthermore, NiO nanostructures (interconnected networks,

nanosheets, microflowers) increase electrolyte permeability
through the active material, making more favorable the mass

transport at the electrode-solution interface [23]. Thanks to

unique catalytic properties, nanostructured NiO is often used

as a high-performance OER catalyst [24e27]. Recent literature

reports also evidenced that NiO is particularly interesting due

to its high stability for HER in alkaline electrolytes [4].

Heterostructured materials on the nanoscale have exhibi-

ted great potential in this area. These classes of catalysts, with

double or multiple types of active sites on the surface, exhibit

remarkable advantages for the HER in alkaline solutions. A

synergistic electronic interaction between the metal and the

oxide has been proposed as the reason for the enhanced HER

performance [4,14,21]. In particular, PteNiO catalysts can be

the key for designing efficient and cheap catalyst at which Pt

favors Hþ adsorption and NiO promotes the adsorption of OH�

species [28,29].

Unfortunately, there are no reports on overall water split-

ting using only NiO-based materials (decorated or not) as

bifunctional electrocatalysts, except for two ones [1,28].

Mondal et al. tested the performance of porous hollow nano-

structured NiO electrodes for overall water splitting taking

advantage of their high surface areas, porousmicrostructures,

inner hollow architectures [1]. Similarly, Bian et al. synthe-

sized a hierarchically structured Pt/NiO/Ni/CNTs with a low

loading of Pt NPs for efficient OER and HER, taking advantage

of the presence of the NiO/Ni heterojunction to boost the

overall water splitting performance [28].

Here, we report a new strategy for overall water splitting

electrodes, exploiting NiO nanostructures (microflowers, mFs)

on graphene paper (GP), decorated with ultralow content of Pt

nanoparticles (NPs). NiO mFs are synthesized by a chemical-

based method and decorated with a colloidal solution of Pt

NPs. Our hybrid metal-oxide catalyst unfolds outstanding

activity toward HER, with an overpotential of 66 mV at a

constant current density of 10 mA cm�2. The present elec-

trocatalyst shows a high rate of hydrogen generation as evi-

denced by the remarkable turnover frequency (TOF) values

despite the low amount of loaded Pt. An alkaline electrolyzer

is tested using PteNiO mFs electrode and undecorated NiO mFs

as cathode and anode, respectively. We demonstrate that this

all NiO-based electrolyzer can sustain a current density of

10 mA cm�2 with a potential of 1.57 V. The present work

represents a valid strategy for the development of cost-

effective electrocatalysts with a very small content of noble

metal for widespread water electrocatalysis application.
Materials and methods

Synthesis of NiO microflowers and Pt nanoparticles

NiO microflowers (mFs) were synthesized from a chemical so-

lution method trough a bain-marie configuration [24]. The ob-

tained mFs powder were dispersed in an aqueous solution of

deionized water and ethanol and sonicated for 15 min at room

temperature to achieve a higher dispersion of the nano-

structures.

Pt nanoparticles (NPs) dispersion was produced through a

green chemical reduction method at room temperature with

ascorbic acid (AA) as reducing agent [20]. 30 mL of 33 mM AA
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were dispersed in 30 mL of 0.2 mM H2PtCl6 (Sigma-Aldrich, St.

Louis, MO, USA,�99.9%) aqueous solution. The dispersionwas

then stirred for 5 min and used without further purification.

Preparation of the electrodes

Graphene paper (GP) substrates (1 � 1.5 cm2, 240 nm thick,

Sigma Aldrich, St. Louis, MO, USA) were rinsed with deionized

water and ethanol and dried in N2 to clean the surface from

any impurity. NiO mFs were deposited by drop casting by using

20 mL of NiO dispersion. The samples were then dried on a hot

plate at 80 �C for 10 min. Pt NPs were dispersed onto the

electrode by subsequent addition of drops with NP dispersion

in order to vary the catalyst loading. Themass of NiO (0.30mg)

on GP was measured by a Mettler Toledo MX5 Microbalance

(sensitivity: 0.01 mg). Decorated samples are labelled accord-

ing to the number of Pt dispersion drops (e.g. 5PteNiO in-

dicates NiO catalyst decorated with 5 drops of Pt NPs

dispersion).

Characterization of Pt decorated NiO microflowers

Surface morphology was analyzed by using a Scanning Elec-

tron Microscope (SEM, Gemini field emission SEM Carl Zeiss

SUPRA 25, Carl Zeiss Microscopy GmbH, Jena, Germany). SEM

images were analyzed by using ImageJ software [30].

Transmission electron microscopy (TEM) analyses of Pt

decorated NiO mFs dispersed on a TEM grid were performed

with a Cs-probe-corrected JEOL JEM ARM200F microscope at a

primary beam energy of 200 keV operated in scanning TEM

(STEM) mode and equipped with a 100 mm2 silicon drift de-

tector for energy dispersive X-ray (EDX) spectroscopy. For EDX

elemental mapping, the Pt X-rays signal was collected by

scanning the same region multiple times with a dwell time of

0.5 ms. TEM images and EDX spectra were analyzed by using

DigitalMicrograph® software [31].

The evaluation of Pt amount on NiO mFs was analyzed by

Rutherford backscattering spectrometry (RBS, 2.0 MeV Heþ

beam at normal incidence) with a 165� backscattering angle by

using a 3.5 MV HVEE Singletron accelerator system (High

Voltage Engineering Europa, Netherlands). RBS spectra were

analyzed by using XRump software [32].

Electrochemical measurements were carried out at room

temperature by using a VersaSTAT 4 potentiostat (Princeton

Applied Research, USA) and a three-electrode setup with a

graphite rod as counter electrode, a saturated calomel elec-

trode (SCE) as reference electrode, and the prepared electrodes

as working electrodes. 1 M KOH (pH 14, Sigma Aldrich, St.

Louis, MO, USA) was used as supporting electrolyte. Cyclic

voltammetry (CV) curves were recorded at a scan rate of

10 mV s�1 in the potential range �0.7 ÷ �1.5 V vs SCE in order

to stabilize the electrodes. The HER activities of decorated

catalysts were investigated using linear sweep voltammetry

(LSV) at scan rate of 5mV s�1 in the samepotential windows of

CVs. Electrochemical impedance spectroscopy (EIS) was per-

formed with a superimposed 10 mV sinusoidal voltage in the

frequency range 104 ÷ 10�1 Hz at a potential just after the onset

potential (Eonset, the minimum potential at which a reaction

product is formed at an electrode). Tafel plots were extrapo-

lated from polarization curves by plotting the overpotential (h)
as a function of the log of the current density. MotteSchottky

(MeS) analyses were conducted on bare and decorated sam-

ples in the potential range 0e1 V vs. SCE, at 1000 Hz frequency.

Chronopotentiometry (CP) analysiswas employed to study the

stability of the samples in a 1 M KOH solution for 15 h at a

constant current density of 10 mA cm�2.

Electrochemical data analysis

Current density was normalized to the geometrical surface

area and measured potentials vs SCE were converted to the

reversible hydrogen electrode (RHE) according to the equation

[33]:

ERHE ¼ ESCE þ 0:059,pH þ 0:244 (2)

All measured potentials (h') were manually corrected by

iRu-compensation as follows:

h¼ h0 � iRu (3)

where i is the electrode current and Ru [U] is the uncompen-

sated resistance (extracted from EIS).

The turnover frequency (TOF) is defined as the rate of

production of oxygen molecules per active site:

TOF¼ I
2nF

(4)

where I is the measured current at a fixed overpotential, the

term 2 represents the number of electrons involved in the

HER, F is the Faraday constant and n is the number of moles of

the active sites [34]. Once the Pt amount is known, the number

of active Pt moles can be calculated as follows:

nPt½g cm�2� ¼DosePt½at cm�2�
NA½at mol�1� (5)

where DosePt is the RBS Dose, representing the amount of Pt

atoms per cm2, and NA is the Avogadro's number.

Finally, the mass activity is defined by the ratio between a

fixed current density and the catalyst loading (obtained by

multiplying nPt for the atomic weight of the catalyst):

Mass activity¼ j½A cm�2�
catalist loading ½mg cm�2� (6)

Results and discussion

Morphological and elemental characterization

Fig. 1(a) shows SEM images of NiO mFs on GP. Our catalyst

totally recovers the surface of graphene electrode with an

irregular thickness due to the agglomeration of mFs. Fig. 1(b) of

the same figure shows a tilted view of the electrode. After

decoration, Pt NPs (mean size of 2 nm) spread onto NiO mFs

(bright particles on STEM Z-contrast image in Fig. 1(c)). STEM

EDX elemental map in Fig. 1(d) allowed us to confirm the

effective presence of Pt decorating NiO catalyst. RBS analyses

(Fig. 1(e)) confirmed Pt presence and allowed us to quantify the

Pt loading, by using a flat substrate covered with the same

drops containing Pt NP dispersion used for the electrode

fabrication. We assume that after drop casting, the measured

https://doi.org/10.1016/j.ijhydene.2022.08.005
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Fig. 1 e (a) SEM image of NiO mFs on GP; (b) tilted view of NiO Fs on GP; (c) STEM Z-contrast image of Pt NPs on NiO mFs

(20PteNiO); (d) EDX elemental map of Pt NPs (red) on a single NiO sheet (green and yellow for Ni and O, respectively); (e) RBS

spectra of Pt NPs on a flat GP substrate; (f) RBS Pt dose and NP density as a function of the number of Pt colloidal solution

drops.

Table 1 e Amount of Pt NPs for different drops and HER parameters.

Sample Pt RBS Dose
[�1016 at cm�2]

Pt NP density
[�108 NPs cm�2]

Pt loading
[mg cm�2]

Overpotential
[mV]

Tafel slope
[mV dec�1]

NiO e e e 247 224

5PteNiO 1.20 1.0 3.9 206 260

10PteNiO 1.80 1.5 5.8 94 115

20PteNiO 3.40 2.9 11.2 66 82

Fig. 2 e (a) Polarization curves, (b) Tafel plot of bare and decorated NiO mFs; (c) HER mechanisms; (d) HER mechanism at NiO

and PteNiO electrodes.
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Fig. 3 e (a) Nyquist plot for bare and decorated electrodes;

(b) Armstrong and Henderson equivalent circuit used to fit

the experimental data; (c, d) behavior of equivalent circuit

elements as a function of mass loading.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 3 3 9 8 8e3 3 9 9 833992
Pt loading on a flat substrate is the same of that on NiO mFs.

Moreover, this NP density is not dependent from the type of

surface since it is an intrinsic quantity. The Pt loading is related

to the area of Pt peak in the RBS spectrum (at around 1.8 MeV)

[35]. As expected, Pt amount increases with the number of

drops: 1.2 � 1016 at cm�2, 1.8 � 1016 at cm�2, 3.4 � 1016 at cm�2,

for 5, 10, and 20 drops, respectively (Fig. 1(f)). Pt NP density

cannot be verified by SEM analysis because of the rough sur-

face and shadowing effect caused by NiO nanostructures.

Thus, the Pt amount (DRBS, from RBS [34]) was joined with Pt NP

diameter (Fig. S1) to evaluate the density N of NPs decorating

NiO mFs, through the following relation [33,37]:

DRBS ¼ N rat VNP (7)

where rat is the Pt atomic bulk density (6.62� 1022 at cm�3) and

VNP is the volume of a single NP (in cm3) based on the size of

NPs (measured from SEM images). Following these consider-

ations, the NP density was found to vary from

2� 1010 NPs cm�2 to 6.2� 1010 NPs cm�2 (Fig. 1(f)). Finally, from

eq. (5) the Pt loading can be easily calculated, confirming the

extremely low content of Pt in our decorated electrodes. The

obtained values for RBS Pt dose, NP density, Pt loading are

reported in Table 1.

Electrochemical characterization

To evaluate the electrochemical performance of bare and

decorated NiO mFs on HER in alkaline conditions, electro-

chemical analyses were performed in 1 M KOH (Fig. 2). Polar-

ization curves (Fig. 2(a)) clearly show how the presence of Pt

drastically reduces the activation barrier for the H2 produc-

tion, confirmed by a variation in the onset potential and

overpotential at a constant current density of 10 mA cm�2

from 247 to 66 mV (Table 1). Two types of behavior can be

distinguished as a function of the quantity of Pt:

(i) for no (or ultralow) Pt loading, both overpotential and

onset potential appear at relatively high voltages, indi-

cating that high energies are required to overcome the

adsorption of Hþ and subsequent production of H2

steps;

(ii) by increasing the density of NPs (10Pt and 20Pt), over-

potential and onset potential drastically reduce point-

ing out an enhanced catalytic action of Pt against HER.

Themorphology of samples after HERwas compared to the

pristine ones, as shown in Fig. S1, without any significant

morphology variation.

Tafel slopes of Pt decoratedNiO mFs are reported in Fig. 2(c).

Pt decoration leads to a decrease of Tafel slope to a value of

82 mV dec�1 for 20PteNiO sample. Tafel slope values allow a

deep understanding of HER catalytic mechanism. Three

possible pathways (illustrated in Fig. 2(d)) for the HER reaction

in alkaline medium can be distinguished [11,12,38]:

(i) electrochemical hydrogen adsorption (Volmer step, H2-

O þ e� / Hads þ OH�) at the active site of the catalyst;

(ii) H2 formation through an electrochemical desorption

step (Heyrovsky step, Hads þ H2O þ e� / H2 þ OH�);
(iii) H2 formation through a recombination step between

two adsorbed hydrogen atoms (Tafel step:

Hads þ Hads / H2).

https://doi.org/10.1016/j.ijhydene.2022.08.005
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Usually, the rate-determining step (RDS) can be evaluated

from the value of the Tafel slope [35e37,39e41]. Our values (by

considering the kinetic analysis and mechanism for HER that

are based on Butler-Volmer equation [39]) suggest that the

RDS for our catalysts is represented by Volmer step and by the

initial hydrogen adsorption. NiO-based materials have been

widely proved to be optimal catalysts for OH� adsorption

[21,28,29]. The high Tafel slope value for bare semiconductor

electrode clearly demonstrates that the HER proceeds much

slower in NiO sample Conversely, Pt loading causes a reduc-

tion of Tafel slopes (Fig. 2(e)). This evidence suggests that HER

is limited by the hydrogen adsorption,with a poor efficiency in

the NiO case. Conversely, the presence of Pt in decorated

catalysts reveals an enhanced adsorption of hydrogen atoms

on the surface. Pt decoration not only reduces the activation

barrier for the activation of the HER (evidenced by the lowest

overpotential for the most decorated sample), but also favors

the hydrogen adsorption at the catalyst surface.

Nyquist plots from EIS analysis in Fig. 3(a) remark the role

of Pt NPs in the HER. They were acquired in the so-called

turnover region, just after the onset potential of each sample

in order to appreciate a good HER activity [24,42]. The experi-

mental EIS spectra were fitted (continuous lines) by the

Armstrong-Henderson equivalent circuit [43] (Fig. 3(b)) and the

extracted fitting parameters are reported in Fig. 3(c and d). In

the Armstrong-Henderson circuit different elements can be

recognized [13,16,17,24,42,44e48]:
Fig. 4 e (a) Mott-Schottky plot of bare and Pt-decorated NiO elec

potential as a function of the number of Pt solution drops; (c) sc

semiconductor-electrolyte interface for bare NiO and PteNiO ca
1. Ru is the uncompensated resistance;

2. Rct is the charge transfer resistance at the electrode-

electrolyte interface;

3. Cdl is the double layer capacitance (here we used constant

phase elements to take into account the non-ideal

behavior of the nanostructured electrodes);

4. Rp is strictly related with the mass transfer resistance of

adsorbed intermediate Hads (in particular it well describes

the adsorption/desorption of intermediates at the elec-

trode surfaces);

5. Cp is the Hads related capacitance (usually called pseudo-

capacitance) in the HER mechanism.

The adequately fitted experimental data reveal how these 5

parameters vary with Pt decoration (Fig. 3(c and d)). Ru and Cdl

do not appreciably change, as expected since the Pt NPs

coverage is quite limited andmost of the interface among NiO

mFs and electrolyte is unchanged. A clear reduction in both Rct

and Rp with Pt loading indicates that Pt accelerates the elec-

tron transfer kinetics, probably enhancing the availability of

electrons at surface. Cp, related to Hads adsorption, decreases

as the amount of Pt increases. Pt NPs act as effective active

sites for hydrogen adsorption. Consequently, the higher the

number of active sites, the lower their occupancy and there-

fore the value of Cp.

To quantitatively evaluate the effect of Pt decoration of NiO

mFs we performed MotteSchottky (MeS) analysis (SI for
trodes; (b) variation of NiO energy band bending and onset

heme of the modification of energy levels at the

talysts.
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details). The MeS plot typically reports the inverse of squared

capacitance (C�2) measured as a function of potential applied

to the sample, as reported in Fig. 4(a) [24,49e54]. By increasing

E, C�2 goes to zero as the applied potential increases, indi-

cating the presence of a capacitance at the electrode-

electrolyte interface. Such behavior is typical of a p-type

semiconductor, as NiO is [55,56]. The intercept with x-axis

(EFB) represents the so-called flat band potential

[49e54,57e59]. For a planar semiconductor electrode, the

quantity DEM�S ¼ EFB � EOC (where EOC is the open circuit po-

tential) represents the bending of the semiconductor energy

bands [24] resulting from the alignment of the Fermi level of

the electrode and the redox potential of the electrolyte (violet

points in Fig. 4(b)). After the loading of Pt NPs, we observed a

clear shift of EFB towardsmore positive potential, up to 0.454 V

in 20PteNiO case (Table 2). Even if our electrodes are nano-

structured semiconductors, such evidence reveals a consid-

erable difference in energy band bending due to Pt decoration.

Moreover, it is possible to correlate the effect of decoration on

energy band position of NiO with catalytic properties of the

electrodes by considering the value of onset potential (Eonset,

green points in Fig. 4(b)). Onset potential is usually considered

an important indicator for the catalytic activity along with the

exchange current density in electrocatalysis [34]. For a

cathodic reaction, onset potential is the highest potential at

which a reaction product (H2 in our case) is formed at an

electrode [60]. A commonly used method for the determina-

tion of this value is the intersection point between the tangent
Table 2 e Values of open circuit potential, flat band
potential, energy barrier, and onset potential for bare and
decorated samples.

Sample Pt drops EOC [V] EFB [V] DEM�S [V] Eonset [V]

NiO e �0.192 0.270 0.462 �0.106

5PteNiO 5 �0.187 0.292 0.479 �0.081

10PteNiO 10 �0.206 0.370 0.576 �0.036

20PteNiO 20 �0.178 0.454 0.632 �0.024

Fig. 5 e (a) TOF of PteNiO catalysts on GP; mass activity at 10 m

loading [adapted from 2].
lines of the Faradaic and non-Faradaic [60e62]. Fig. 4(b) clar-

ifies the effect of Pt loading on DEM�S and Eonset. As the amount

of Pt NPs increases, the energy band bending grows, index of

the creation of a nano Schottky junction at the metal-

semiconductor interface [24]. Pt decoration increases the en-

ergy band bending, because of electron spillover effects,

leading to space charge regions and localized electric field [37].

At the same time, a drastic reduction of Eonset is observed in

presence of Pt NPs. These two evidences confirm that surface

decoration of NiO mFs is highly effective in tuning the catalytic

properties of our nanostructured electrode. The increase in

bending of semiconductor energy levels leads to accumula-

tion of electrons below the semiconductor surface, consider-

ably reducing the activation barrier for H2 production (as

described in eq. (1) and demonstrated by the decreased values

of Eonset for 10Pt and 20PteNiO electrodes) andmaking the HER

mechanism more favorable at lower overpotentials.

Fig. 4(c) schematizes the effect of Pt loading on NiO band

position at the electrode-electrolyte interface.

TOF is a crucial parameter for evaluating the HER perfor-

mance of a catalyst because it reflects the intrinsic electro-

catalytic activity of the electrode [2,20,34,63]. As presented in

Fig. 5(a), Pt-decorated samples show markedly high TOF

values. It is worth to note that the TOF value of 2.07 s�1 (at an

overpotential of 50 mV) found for 20PteNiO is comparable

(and even superior) to those reported in literature and con-

firms that the present Pt NP decorated catalyst owns

extraordinary efficiency of hydrogen generation (see Table

S1).

The obtained results are now compared with the state-of-

art. Fig. 5(b) shows the comparison of mass activity

measured at 10 mA cme2 and the overpotential for

10 mA cme2 (based on geometric area) for our decorated

electrodes with other Pt-based catalysts under alkaline con-

ditions [2]. In our samples, an increase of the mass loading

leads to a reduction of the overpotential for the HER, without a

significant decrease of intrinsic activity. This comparison,

together with the TOF values, makes our Pt decorated NiO mFs

valuable candidates as cathode electrodes for the HER.
A cm¡2 as a function of the overpotential and the catalyst
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Fig. 6 e (a) Polarization curve of the two-electrode electrolyzer PteNiO||NiO for overall water splitting under alkaline

condition (1 M KOH, pH 14); (b) long-term chronopotentiometric stability test of PteNiO||NiO.

Table 3 e Summary of various Ni-based Electrocatalysts for Overall Water Splitting.

Catalyst material Electrolyte Overall water
splitting overpotential at 10 mA cm�2 [V]

Ref.

Pt/NiO/Ni/CNT-3||Pt/NiO/Ni/CNT-3 1 M KOH 1.61 [64]

NiO/Ni-CNT||NiFe LDH 1 M KOH 1.50 (20 mA cm�2) [65]

Pt/NieP/NF||NieP/NF 1 M KOH 1.64 [20]

PteNiO||NiO 1 M KOH 1.57 This work
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Motivated by the excellent HER performance of catalysts

and the high OER activity of our previously reported NiO mFs

on GP [24], we investigated the overall water-splitting perfor-

mance under alkaline condition by employing 20PteNiO mFs

as the cathode and NiO mFs as the anode (a scheme of the

PteNiO||NiO is reported in Fig. 6(a)). Our as-constructed alka-

line electrolytic cell requires a low potential of 1.57 V to afford

a current density of 10 mA cm�2 (Fig. 6(b)) and Supplementary

Video 1, which is comparable or smaller to other electro-

catalysts reported in Table 3.

Supplementary video related to this article can be found at

https://doi.org/10.1016/j.ijhydene.2022.08.005.

In addition, the overall water-splitting durability of the two

electrodes was tested using chronopotentiometry for 24 h

(Fig. 6(c)) showing a good stability over prolonged times (with

an increase of overpotential of 50 mV after 24 h).

Our results reveal that the present PteNO||NiO electrodes

represent highly efficient electrocatalysts.
Conclusions

In conclusion, we developed a high-efficiency HER catalyst by

synthesizing low-content Pt-NP decorated low-cost NiO

microflowers (mFs) onto a graphene paper substrate. By varying

the loading of Pt NPs, the role of decoration on catalytic per-

formance of the materials was elucidated in terms of energy

band bending of NiO and density of active sites. The PteNiO

catalyst with optimized NP loading shows an overpotential of

only 66mV at current density of 10mA cm�2 and a promisingly

low Tafel slope of 82 mV dec�1. The performance of NiO mFs

were also supported by high intrinsic activity, in terms of TOF

of 2.07 s�1 at an overpotential of 50 mV. An alkaline all NiO-

based electrolyzer was developed by using PteNiO as cathode

and bare NiO as anode, requiring a low potential of 1.57 V to

afford a current density of 10 mA cm�2 and a good long-term

stability. The high activity, and low-cost of the present

PteNiO mFs pave the way for large-scale and long-term appli-

cations of NiO-based catalysts for overall water splitting.
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