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Developing efficient electrocatalysts of elements that are abundant on earth crust is crucial for green hydrogen
generation technologies. In particular, the oxygen evolution reaction (OER) under alkaline plays a key role in
anion exchange membrane (AEM) electrolyzer to produce green hydrogen but suffers from low kinetic. Herein,
nickel oxide quantum dots with highly uniform size distribution on ultrathin amorphous carbon nanosheets (NiO
dots/a-carbon) were successfully prepared by a one-step method. Introducing NiO quantum dots onto amorphous

carbon modifies the local coordination environment of Ni promoting it into a higher valence state. Benefitting
from the promoted Ni®* (2<8<3) and the strong connection between Ni and amorphous carbon though Ni-O-C
and Ni-C bonds, NiO dots/a-carbon exhibits excellent activity and stability towards OER in 0.1 M KOH using the
rotating disk electrode. Moreover, a challenging current density of 500 mA cm ™2 is achieved at 1.7 V with a lab-

scale AEM electrolyzer.

1. Introduction

Low temperature water electrolysis is a well-known technology
enabling efficient storage of clean renewable energy into chemical
bonds in the form of high-purity hydrogen [1,2]. Low temperature water
electrolysis systems can be divided into the established alkaline elec-
trolysis (AEL), demonstrated proton exchange membrane electrolysis
(PEMEL), and emerging alkaline anion exchange membrane electrolysis
(AEMEL) based on the electrolyte [3]. The PEMEL provides higher
current density and energy efficiency than AEL and AEMEL because of a
highly conductive and thin electrolyte [4]. However, the high loading of
platinum group metals (PGM) and the expensive acid-tolerant stack
hardware prevent it from becoming the governing electrolyzer tech-
nology [5]. In contrast, the primary advantage of AEL is the energy
conversion based on earth abundant electrocatalysts rendering it as a
sustainable technology for producing hydrogen up to megawatt scale
[6-8].

Alkaline AEMEL offers the benefits of both AEL and PEMEL,
achieving comparable performance while enabling utilization of PGM-
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free catalysts [9,10]. In addition, AEMEL can be operated at different
pressures with a reduced size and weight due to the membrane-based
structure. The hydrocarbon membrane in alkaline AEMEL prefers the
use of water or diluted alkaline solution (such as 0.1 M KOH) as the
hydrogen source instead of a corrosive, concentrated alkaline electro-
lyte. The oxygen evolution reaction (OER) at the anode is one of the
major energy-loss sources in AEMEL water electrolysis due to the slow
kinetics and the high overpotential [11]. Thus, achieving an ideal OER
performance with PGM-free catalysts in diluted alkaline solution is
crucial, albeit challenging [12].

The nickel-based electrode is known as the most attractive anode
material under alkaline conditions because of their large abundance on
earth, outstanding catalytic performance, and stability to corrosion
[13]. Considerable efforts have been devoted to increase the OER per-
formance. Among them, construction of high-valent Ni species was
considered as a desired means to activate nickel-based catalysts, how-
ever, it requires a high potential to achieve an excitation [14-16]. For
example, NiFeCu oxyhydroxide catalysts were synthesized with the aim
to create Ni®* sites that may improve the OER activity [17]. The desired
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Ni3* sites are generated by incorporating appropriate combinations of
Cu. The prepared NiFeCu oxyhydroxide catalysts exhibit an excellent
OER performance, with an overpotential of 385 mV at 10 mA cm ™2 at pH
= 7.2. Although the valence state of Ni can be promoted with redox
metal doping, the definition of catalytic center remains controversial
due to the collaborative catalysis caused by multi-active sites [18].

In addition to the embedding of redox metals, the incorporation with
electron conducting non-metal supports could boost the catalytic per-
formance, and this theory more than any other has motivated numerous
structural and catalyst studies in the electrochemical field [19]. Several
previous studies have been directed toward optimizing interactions
between a chemically inert and large surface area possessing support
and an active component [20,21]. A consensus has emerged that sup-
ports increase the dispersity of the active sites and thus facilitate mass
transfer and electron transfer efficiency [22]. For example, Co304 has
been anchored on nitrogen-doped graphene to increase the OER activity.
The increased activity of Co304/N-doped graphene is generally believed
to arisen from the synergetic effects between Co304 and graphene [23].
However, a clear explanation of the synergetic catalytic mechanism is
absent due to insufficient understanding of the role of non-metal sup-
ports in modulating the chemical properties of active components and
the lack of suitable model materials.

In this work, uniformly distributed NiO quantum dots on ultrathin
amorphous carbon (NiO dots/a-carbon) offers an exciting opportunity
because of the simple chemical components and high density of active-
site species. The unique two-dimensional (2D) nanostructures of amor-
phous carbon nanosheets is beneficial for stabilizing NiO quantum dots
with a high surface energy. We demonstrate that the amorphous carbon
not only increase the dispersity of the active sites but also modulates the
valance state of nickel oxide. Introduction of amorphous carbon creates
abundant oxygen functional groups with diverse coordination sur-
roundings, which promotes the transformation of Ni?*t to Ni®* (2<8<3).
The obtained NiO dots/a-carbon catalyst exhibits excellent catalytic
activity towards OER in 0.1 M KOH, with an overpotential 296 mV at a
current density of 10 mA cm™2. A high current density of 500 mA cm 2
at 1.708 V is achieved with a lab-scale AEMEL, indicating highly effi-
cient water splitting. Moreover, due to the strong interaction between
amorphous carbon and nickel, the high valence state of Ni*" (2<8<3) is
preserved even after a long-term operation of 10 000 cycles in a three-
electrode measurement. In the alkaline AEMEL, the performance loss
is negligible after a 12 h stability test at 45 °C with a current density of
500 mA cm 2.

2. Experimental section
2.1. Chemicals

Nickel acetylacetonate (Ni(acac);, MW = 256.90 g/mol, 96 %) was
purchased from Acros Organics. Lithium nitrate (LiNO3, M; = 68.94 g/
mol, >98.0 %) was purchased from Fluka. Nickel nitrate hexahydrate
(Ni(NO3)2:6 H,0, M = 290.81 g/mol, >99 %) was purchased from
Merck. Commercial RuO2 were purchased from Sigma and 5 wt%
Nafion-117 solution was purchased from Aldrich. FAA-3-30 membrane
and corresponding ionomer were purchased from Fumatech. All chem-
icals were used as received without further purification.

2.2. Synthesis of NiO dots/a-carbon and Nanocrystalline NiO

The NiO dots/a-carbon was synthesized using a salt template method
[24,25]. In a typical process, 9 mg Ni(acac)s, 3 mg Ni(NOs3)2-6 HoO and
90 mg LiNO3 were ground together to obtain a mixed powder. The
powder was then placed in an alumina boat and heated to the desired
temperature (483 K) at a heating rate of 278 K/min in a tube furnace
under flowing Ny gas with a speed of 50 mL/min. After holding the
desired temperature for 2 h, the furnace was naturally cooled to room
temperature to obtain the representative samples. The obtained
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products were washed with DI water-ethanol mixture several times and
dried in vacuum at 268 K overnight. Finally, the samples were stored in a
glass vial for further using. Nanocrystalline NiO was synthesized with
the same procedure but with a different annealing temperature (673 K).

2.3. Materials characterization

Transmission electron microscopy (TEM) images, high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
images of all samples were recorded on JEOL JEM-2800 (Analytical HR-
TEM) at 200 kV. Atomic resolution HAADF-STEM were taken using a
JEOL2200FS, Cs-corrected HRTEM at an acceleration voltage of 200 kV.
The atomic force image was carried out with a Bruker MultiMode 8. X-
ray diffraction (XRD) patterns of samples were captured by PANalytical
X Pert Powder XRD operating at the voltage of 40 kV and a current of
40 mA with Cu K, radiation. X-ray photoelectron spectroscopy (XPS)
was carried out with a Kratos Axis Ultra spectrometer using mono-
chromated Al K, radiation, charge neutralization, a pass energy of 40 eV,
an X-ray power of 75 W and an analysis area of roughly 700 ym x
300 pm. The binding energy scale was referenced to the O 1 s peak of
NiO at 529.3 eV. Atomic concentrations were determined from peak
areas of high-resolution spectra after Shirley background subtraction
using equipment specific sensitivity factors. The nickel 2p3/» peak was
fitted with two peak envelopes corresponding to NiO and -NiOOH. For
a single peak envelope, only the intensity and full width at half
maximum (FWHM) of the first peak was allowed to vary with all other
peaks fixed relative to the first one. The biding energies of the first peaks
were kept within + 0.1 eV of literature values [26]. The carbon 1 s peak
was fitted in the same way with five components. An asymmetric peak
shape was used for sp? carbon and it was allowed to have a different
FWHM than other carbon peaks. Ni Ka high energy-resolution fluo-
rescence-detected X-ray absorption near edge structure (HERFD--
XANES) experiments were conducted at beamline ID26, European
Synchrotron Radiation Facility (ESRF), Grenoble, France. The storage
ring operated in 16 bunch mode with an electron current of 73 mA. The
samples were analyzed, utilizing three undulators (u35) to produce
incoming photons. A pair of cryogenically cooled Si(111) crystals then
monochromatized the radiation. To calibrate the incident beam energy,
a reference metallic iron foil set the first inflection point of the Ni K edge.
In the experimental setup, Germanium Ge620 crystal analyzers in
Rowland geometry were employed. Si avalanche photodiode (APD) with
200 pm thickness and 10x10 mm? active area was used as a detector.
The dead time correction was performed using a nonparalyzable model
with T = 9.53 e 1078, The data were collected in the presence of air at
room temperature. HERFD XANES spectra were normalized by the
incoming flux recorded by detecting the scattering from a Kapton foil
with a photo diode and then were normalized in area using the full
measured energy range. The data were collected at room temperature in
fluorescence excitation mode. Before the synchrotron XAS measure-
ments, we performed laboratory-scale XANES analyses using the Hel-
sinki Center for X-ray Spectroscopy of the University of Helsinki. The
x-rays from a conventional water-cooled Ag anode x-ray tube
(20 kV/40 mA) were monochromated with a Johann-type Si(551)
spherically bent crystal analyzer, curvature radius R=0.5 m, and
detected by a silicon drift diode.

2.4. Electrochemical measurements

The electrochemical experiments were performed in a standard
three-electrode cell using an Autolab potentiostat (PGSTAT128N, Met-
rohm Autolab B.V.) equipped with a rotating disk electrode (RDE) sys-
tem (Pine Instrument) at room temperature. A 0.1 M KOH solution was
used as electrolyte. A commercial Hg/HgO electrode and a graphite rod
were used as a reference and counter electrode, respectively. Samples
were studied using a glassy carbon electrode (GCE, 5 mm diameter,
0.196 cm?) as a working electrode. The GC tip was pre-polished with
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50 nm alumina slurry and sonicated in ultrapure H,O and ethanol for
3 mins. A catalyst ink was prepared by dispersing 4 mg catalyst and
2.0 mg carbon black (Vulcan XC-72, VC) in 1000 ul solution containing
970 pl isopropanol and 30 ul Nafion solution. The catalyst ink was then
ultrasonicated and stirred overnight to form a homogeneous ink. The
well-dispersed ink (10 pl) was drop casted onto the GC electrode while
drying naturally yielding a total mass loading of 204 uge,; cm ™2 Com-
mercial RuO, samples were prepared with the same method. The cyclic
voltammetry (CV) with a scan rate of 100 mV s~ 1 were first employed
until the CV was overlapping. The OER performances of the catalysts
were assessed by performing linear sweep voltammetry (LSV) at a scan
rate of 5 mV s~ ! with a rotation speed of 1600 rpm. The onset potential is
defined as the potential at current density of 1.5 mA cm 2. The elec-
trochemical impedance spectroscopy (EIS) was performed at 1.6 V with
respect to reversible hydrogen electrode (RHE) with an amplitude of
5 mV from 100 kHz to 0.1 Hz. Cyclic voltammetry measurements were
carried out with an increasing scan rate from 20 to 120 mV s ' to
evaluate the double-layer capacitance (Cg)). Electrochemically active
surface area (ECSA) was estimated according to the equation: ECSA =
Cai/CsxX Ageometric; Cs = 0.04 mF cm™2. The measured potentials were
calibrated to the RHE by the following equation: Erug = Eng/mgo +
0.098 V + 0.059 x pH. A lower loading of the catalyst was used for the
rotating ring-disk electrode (RRDE) to limit the number of oxygen
bubbles which may reduce the collection efficiency of the Pt ring [27].
The Faradaic efficiency (¢) was calculated using the equation ¢ = 100 %
X jring /(N X jaisk), where jgisk is the disk current density, jring is the ring
current density and N is the collection efficiency (38.3 %) of the RRDE.
The accelerated durability tests (ADT) of the catalysts were assessed by
CV at a scan rate of 100 mV s ! between 1.2 and 1.65 V with respect to
RHE for 10 000 continuous cycles.

2.5. Electrochemical measurements for water electrolyzer

The electrolyser setup consists of a circular shape cell that has anode
and cathode compartments separated by a membrane electrode assem-
bly (MEA). 0.1 M KOH is circulated in both compartments at 60 mL/min.
The compartments consist of a titanium piston, a titanium mesh, and a
titanium sinter. The MEA is placed between the sinters and the two sides
are closed by tightening four screws to a torque of 1.5 Nm. To ensure a
proper electrical contact between the cell parts, technical grade N» is
applied to titanium pistons at 10 bar. The circulated 0.1 M KOH is heated
by heat exchangers before entering the anode/cathode compartments.
The cell temperature is measured at the outlet of 0.1 M KOH solution,
which is set at 45 °C. The cell measurements were conducted using an
AUTOLAB PGSTAT302N potentiostat equipped with a Booster 20 A and
a Nova 2.1 software. The cell was left to stabilize for 2 h before starting
the measurements. The anode ink was prepared by adding a certain
amount of NiO dots/a-carbon or commercial RuO, with 30 wt% ionomer
solution (5 wt% Fumion FAA-3 in ethanol, Fumatech) into a mixed so-
lution of water and isopropanol. The ink was then sonicated and stirred
until the ink was homogeneous. The cathode ink was prepared with
commercial PtRuC using the same procedure. The catalyst was deposited
onto the membrane using an airbrush with nitrogen flow. Finally, the
MEA was pressed with 5 metric tons at room temperature for 120 s. The
voltage-current polarization curves were obtained at a scan rate of
5mV s~L. The durability test of the OER was carried out at 500 mA cm ™2
and the EIS measurements at voltage of 1.6 V from 10 kHz to 0.1 Hz with
an amplitude of 8 mV.

2.6. Computational details

Spin-polarized density functional theory (DFT) calculations were
performed with the VASP program package at the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhofer (PBE)
functional [28-31]. The interactions between ions and electrons were
calculated by the projector augmented wave (PAW) method [32,33].
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The Hubbard-corrected density-functional theory (DFT + U) approach
was used to correct for the self-interaction error [34]. Hund’s exchange
coupling was also considered by using a U-J parameter of 5.3 eV for Ni
[35,36]. The van der Waals (vdW) interactions were accounted for with
the semi-empirical D3 correction [37]. An accurate cubic NiO unit cell as
well as its electronic structure were obtained by sampling the Brillouin
zone with a k-point mesh. The kinetic-energy cutoff was set to 500 eV in
the plane-wave expansion.

Based on the experimental X-ray diffraction (XRD) data, we inves-
tigated the (200) plane since it is the most exposed surface. A unit cell
with four slab layers of ~10 A was used to ensure enough space for the
adsorption. The two lower layers representing cubic NiO are frozen
while the upper layers are allowed to relax to simulate the surface. The
distance between neighboring slab groups is 15 A to avoid significant
interaction between layers. A NiO surface and a singly oxidized NiO
surface representing high-valence NiO surfaces were constructed. In the
electronic structure studies, we increased the k-point values of the sur-
face to 5x5x1, whereas the structure optimizations were performed with
3x3x1 k-point values. The convergence criteria of the total energy and
the forces in the structure optimization were set to 10> eV and 0.02 eV/
A, respectively.

The oxygen evolution reaction (OER) is a four-step reaction which
includes transfer of four electrons:

OH + x —>'OH+4e

*OH+OH —»"0+H,0(1) + e~
*O+0OH —»"OOH + e~

‘OOH+OH — % +0,(g) + H,O(1) + e~

where * stands for an active site on the surface. “OH, *O and *OOH are
adsorbed intermediates. The change in Gibbs free energy (AG) is ob-
tained from the change in the electronic energy (AE), the vibrational
zero-point energy correction (AEzpg), the entropy contribution (TAS)
and the pH contribution to Gibbs free energy.

AG = AE + AEzp; — TAS + AG(pH)

T is temperature and S is entropy. Since the reactants leave either as
adsorbed species or as liquid, the entropy is assumed to be constant
(TAS =0). The pH contribution to Gibbs free energy at a pH of 13 can be
estimated using AG(pH) = ksT x pH x In10 = 0.059 x 13 = 0.767eV,
when T is 298 K and kg is Boltzmann’s constant. The AG(OH) change in
the Gibbs free energy is obtained as

AG(OH) = G(H,0) —%G(HZ)

The free energy for each OER step is then given by

G1 = G("OH) —G(OH) —G(*) —AG; =Gy — eU + 0.767

G2 =G(*H20) + G(0) — G(OH) — G("OH)—>AGy =Gz —G; —eU +
0.767

Gs = G(—G(OH) —G( +0)—AGs = Gs — Gy — eU + 0.767

AG4 = 4.92 — (AG; + AG;, + AGs) —eU+0.767
The overpotential (1) is defined as = max{AG1, AGz, AGs, AGy}.

3. Results and discussion
3.1. Synthesis and structure characterization of NiO dots/a-carbon

The NiO dots/a-carbon was synthesized by mixing nickel (II) acety-
lacetonate (Ni(acac)s), nickel nitrate hexahydrate and lithium nitrate
(LiNOs) at a mass ratio of 3:1:30 by grinding. The mixture was then
transferred into a tube furnace, where it was annealed at 483 K for 2 h
under a nitrogen flow. After cooled down to room temperature NiO
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dots/a-carbon was obtained by removing LiNOs by washing and
centrifugation. The synthesis yielded uniform NiO quantum dots
distributed on amorphous carbon.

The morphological and structural characteristics of NiO dots/a-
carbon is illustrated in Fig. 1. The transmission electron microscopy
(TEM) image shows the typical two-dimensional morphology of NiO
dots/a-carbon while the wrinkles and undulating surface indicate the
ultrathin feature of NiO dots/a-carbon (Fig. 1a and Fig. 1b). The high-
resolution transmission electron microscopy (HR-TEM) image in
Fig. 1c reveals that the ultrathin 2D structure consists of extremely tiny
nanoparticles. The high angle annular dark-field scanning TEM
(HAADF-STEM) image reveals that the ultrafine NiO quantum dots are
well distributed (Fig. 1d). Furthermore, the NiO dots have a uniform size
distribution with an average diameter of 1.2 + 0.1 nm based on statis-
tical analysis in Fig. S1. The atomic resolution HAADF-STEM image in
Fig. le clearly shows lattice fringes with 0.21 nm, which is consistent
with the (012) plane distance of NiO. It is worth noting that the surfaces
of the NiO quantum dots expose numerous disorder atoms and the NiO
may overlap due to high quantum dots density. The atomic force mi-
croscopy (AFM) image demonstrates the ultrathin 2D structure with a
thickness around 2 nm (Fig. 1f). A Raman spectrum is recorded to
investigate the structure of the carbon support (Fig. S2). Two typical
peaks of carbon materials can be observed for both NiO dots/a-carbon
and commercial graphite, namely, the I, peak (disorder) at 1360 em™!
and the I peak (graphite) at 1580 cm™!. Compared with commercial
graphite, the broader I, and I peaks of NiO dots/a-carbon are caused by
the disordered carbon structure and the presence of NiO dots [38,39].
Control experiments were carried out to investigate the growth process,
which reveals that the formation of the ultrathin 2D structure highly
depend on the temperature. At a lower temperature of 453 K a 3D
bending structure is formed (Fig. S3), while the nanocrystalline NiO
counterpart (Fig. S4) is obtained at a higher temperature (673 K). The
NiO quantum dots can be produced with only one Ni source, nickel (II)
acetylacetonate, but that yields lower Ni loading (Fig. S3). Hence, Ni
(NO3); is used as an additional Ni source to increase the Ni loading. In
the X-ray diffraction (XRD) pattern shown in Fig. 1g, nanocrystalline
NiO exhibits sharp peaks at 20 = 36.9°, 42.8°, 62.2°, 74.6° and 78.5°,
which can be assigned to NiO (PDF # 47-1049). NiO dots/a-carbon
displays a group of broadened peaks compared to nanocrystalline NiO.
This difference can be attributed to the tiny particle size of the NiO dots.
The selected area electron diffraction (SAED) pattern in Fig. 1h consists
of concentric rings, which indicate the polycrystalline nature of NiO
dots/a-carbon. The interplanar spacing and lattice parameters that have
been calculated using the measured radius of each diffraction ring match
well with the XRD analysis. The HAADF-STEM image and the corre-
sponding energy-dispersive X-ray spectroscopy (STEM-EDS) elemental
mapping (Fig. 1i) indicate that C, O and Ni are homogeneously
distributed. A higher concentration of C, O and Ni can be observed in the
marked circles, which is caused by the overlapping of carbon nano-
sheets. The semi-quantitative EDS spectrum (Fig. S5) reveals that the
overall elemental composition of NiO dots/a-carbon is 38/46/16
(Ni/0/Q).

3.2. Amorphous carbon modification for NiO quantum dots

The chemical composition and valence state of the NiO dots/a-
carbon of the nanocrystalline NiO catalysts were investigated by X-ray
photoelectron spectra (XPS). The survey spectra analysis in Fig. S6
confirms that Ni, O, and C elements exist in both materials. Fig. 2a shows
that the Ni 2p region of the Ni compounds have a complex peak shape
resulting from multiple splitting as well as from shake-up and plasmon
loss structures. The sharp peak observed around 853.7 eV is a NiO
signature, which is clearly present in both samples. The 2p3 /2 peaks have
been fitted with two peak envelopes, one for NiO and another for
B-NiOOH, producing a reasonable fit to the data. The assignment to
B-NiOOH is based on parameters and peak shapes given in M. C.
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Biesinger’ work [26,40]. However, somewhat tentative since the peak
shapes of other nickel compounds resemble closely the one of f-NiOOH
[26,40]. The amount of B-NiOOH is estimated to be 11 % + 2 % and
21 % + 4 % (error bars obtained by varying background and fitting
parameters) of all Ni of nanocrystalline NiO and NiO dots/a-carbon,
respectively. The observed increase in the p-NiOOH/NiO ratio suggests
that NiO dots/a-carbon possesses a higher oxidation state of Ni. Previous
reports demonstrated that high-valent Ni sites in NIOOH promote the
energy band of O atoms near the Fermi level, thus activating lattice O
sites [41,42]. The O 1 s region in Fig. S7 shows a lattice oxygen peak
related to NiO at 529.3 eV and another broader peak roughly at
531.3 eV. The higher binding energy peak can be due to defective sites
in NiO and/or hydroxides but especially in the NiO dots/a-carbon
sample also due to the presence of different carbon-oxygen bonds
[26]. The peaks related to O-C—=O bonds (~ 289.8 eV), C—=0 bonds
(~288.3eV), C-OH/C-O-C bonds (~286.5¢eV), sp3 carbon bonds
(~285.0 eV) and sp2 carbon bonds (~284.5 eV) have been fitted in the C
1 s region (Fig. 2b) [40,43]. The nanocrystalline NiO sample shows
mainly sp® and C=0 bonds, whereas in NiO dots/a-carbon also sp?,
C-OH/C-0-C and O-C=O0 bonds are observed. The atomic percentages of
the elements for nanocrystalline NiO and NiO dots/a-carbon including
peak fitting results are shown in Table S1. The Fourier transform
infrared spectroscopy (FTIR) was used to obtain information about the
carbon-oxygen bonds. Fig. 2c shows that the peaks corresponding to the
C=C stretching mode, at 1580 cm™! and 1515cm™' and the C-O
stretching mode, at 1270 cm ™! are present only in the IR spectrum of
NiO dots/a-carbon, which is consistent with the XPS analysis [44]. The
functional groups introduced by the amorphous carbon provide diverse
coordination sites for nickel.

To further investigate the coordination environments of NiO dots/a-
carbon, we used X-ray absorption spectroscopy (XAS) characterization.
Fig. 2d and Fig. S8 show the normalized Ni K-edge XANES spectra of the
commercial NiO nanoparticles (NiO NPs), nanocrystalline NiO and NiO
dots/a-carbon. The Ni K-edge XANES spectrum consists of three parts,
the pre-edge, the rising-edge, and the white line. The pre-edge peak is
located on the low-energy side at 8 332 eV, which is considered as the
transition from Ni 1 s state to the mixed states of Ni 3d with O 2p [45,
46]. The intensity of the pre-edge peak correlates with various factors,
such as the magnitude of hybridization of the Ni 3d and O 2p, the
amount of the 3 d®L configuration and holes in O 2p states in the ground
state, and the Ni-O bond length in different samples [45,47]. The
pre-edge intensity in NiO dots/a-carbon is lower than in nanocrystalline
and commercial NiO NPs, which can be explained by the
Zaanen-Sawatzky-Allen model [48]. One reason is that the structure of
NiO dots/a-carbon is more disordered compared to crystalline NiO. This
increased disorder reduces the overlap between Ni 3d and O 2p orbitals,
thus decreasing the hybridization. Another possible reason is that the
increase of the Ni-O charge transfer energy accompanied by a reduced
number of ground state configurations with holes in the O 2p states
weaken the transition from Ni 1 s to unfilled levels. Thus, the lower
intensity of the pre-edge peak in NiO/a-carbon can be associated with
the disordered structure of NiO dots/a-carbon and the less covalent Ni-O
bond. Compared to nanocrystalline NiO and commercial NiO NPs, the
absorption edge of NiO dots/a-carbon is shifted to higher energies,
revealing the increase of the Ni oxidation state in NiO dots/a-carbon,
which is in line with the XPS results [49]. The white line peak of the
Ni K-edge spectrum at 8 350 eV belongs to the electronic transition from
Ni 1 s to the unoccupied 4p orbital [13]. The white line intensity in NiO
dots/a-carbon is higher than nanocrystalline and commercial NiO NPs,
indicating higher valence state of Ni in NiO dots/a-carbon [13,50]. The
k-space oscillations of NiO dots/a-carbon are lower in intensity and
gradually weaken compared to those of nanocrystalline NiO in Fig. S9,
indicating a disordered structure of NiO dots/a-carbon. In the R-space
spectra (Fig. 2e), nanocrystalline NiO shows two main peaks corre-
sponding to the Ni-O and Ni-Ni coordination shells, respectively. The
extended X-ray absorption fine structure (EXAFS) structural fitting was



B. Jin et al. Applied Catalysis B: Environment and Energy 358 (2024) 124437

I Nanocrystalline NiO

NiO dots/a-carbon

Intensity (a.u.) [Te)

Height (nm)

| I PDF# lNio 47-1049

0 100 200 30200 5088600 700 . .
Distalige (nm
200 nm 40 60

2 Theta (Deg)

Fig. 1. Structure Characterization of NiO dots/a-carbon. a) and b) The TEM images of NiO dots/a-carbon. ¢) A HR-TEM image of NiO dots/a-carbon. d) An HAADF-
STEM image and e) an atomic resolution HAADF-STEM image of NiO dots/a-carbon. The gap between yellow circle represents disorder. f) An AFM image and height
profile of NiO dots/a-carbon. g) XRD pattern of NiO dots/a-carbon and nanocrystalline NiO. h) SAED pattern of NiO dots/a-carbon. i) An HAADF-STEM image of NiO
dots/a-carbon and the corresponding STEM-EDX elemental mapping of C, O, Ni, and the mixture of C, O and Ni elements.
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Fig. 2. Structure Characterization of NiO dots/a-carbon. XPS spectra of a) Ni 2p and b) C 1 s of the nanocrystalline NiO and NiO dots/a-carbon. c¢) The FT-IR
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carbon. e) The k*:-weighted y(k)-function of the EXAFS spectra of nanocrystalline NiO and NiO dots/a-carbon. f) The wavelet transforms of the Ni K-edge EXAFS

data of nanocrystalline NiO and NiO dots/a-carbon.

implemented with Ni-O and Ni-Ni paths for both NiO dots/a-carbon and
nanocrystalline NiO. The coordination number of Ni-O (Nyj.0) in NiO
dots/a-carbon (Nnj.0 = 5.0) is smaller than for nanocrystalline NiO
(Nni.o = 4.7) as shown by the fitting parameters in Table S2. Meanwhile,
the coordination numbers of the Ni-Ni shell (Nyjni) in NiO
dots/a-carbon (Nyj.nj = 8.8) are much lower than that of nanocrystalline
NiO (Nnini = 11.0). It is noted that attributing the first coordination
shell to pure Ni-O in NiO dots/a-carbon is debatable because of the
abundant coordination sites and the diverse coordination environments
provided by amorphous carbon. The wavelet transform of the Ni K-edge
EXAFS spectrum (Fig. 2f) in NiO dots/a-carbon shows lateral broadening
in the imaginary part compared with nanocrystalline NiO, suggesting a
more complex coordination of Ni in the first shell.

3.3. OER performance of NiO dots/a-carbon

The electrocatalytic OER performance of NiO dots/a-carbon, nano-
crystalline NiO and commercial RuO, were evaluated in 0.1 M KOH at
room temperature. The average size of commercial RuO5 is 34 + 5 nm
based on a statistical analysis of 50 nanoparticles (Fig. S11). The cyclic
voltammetry (CV) was performed for NiO dots/a-carbon and nano-
crystalline NiO at a scan rate of 100 mV-s~! until a stable signal is ob-
tained. Fig. S12 shows that one broad peak at around 1.37 Vgyg
belonging to Ni (II/1II) redox reactions appear for both catalysts [51]. An
obvious negative shift in the peak potential (E,) and an increase in the
peak current density (I,) can be observed with increase in cycling
numbers for the NiO dots/a-carbon catalysts. The negative shift of E,
indicates more efficient OER and an increased I, is related to a higher
exposed area, which are signatures of an efficient OER catalysts. The
redox peak differences in nanocrystalline NiO are negligible compare
with NiO dots/a-carbon.

In Fig. 3a, NiO dots/a-carbon exhibits a more negative onset po-
tential of 1.47 Vgyg than nanocrystalline NiO (1.54 Vgyg) and com-

mercial RuO; (1.51 Vgyg). To generate a current density of 10 mA crn’z,

NiO dots/a-carbon needs an overpotential of 296 mV, while nano-
crystalline NiO and commercial RuO; require a higher overpotential of
365 mV and 410 mV, respectively (Fig. 3b). For a full comparison, NiO
dots were well deposited on Vulcan carbon and Kuraray carbon by
impregnation and subsequent pyrolysis process (Fig. S13), and the OER
activity were measured under the same conditions. The linear sweep
voltammetry (LSV) of NiO dots/a-carbon, NiO dots/Kuraray carbon and
NiO dots/Vulcan carbon is shown in Fig. S14. NiO dots/Kuraray carbon
and NiO dots/Vulcan carbon require an overpotential of 361 mV and
401 mV to achieve a current density of 10 mA cm ™2, which are 65 and
105 mV higher than for NiO dots/a-carbon catalysts. Fig. S15 reveals
that the OER activity of the pure carbon support is negligible. These
results indicate that the NiO is more efficient for OER on amorphous
carbon than on the Vulcan or Kuraray carbon.

The Tafel slope of NiO dots/a-carbon in Fig. 3¢ is 51 mV dec™! which
differs from that of nanocrystalline NiO (73 mV dec’l) and commercial
RuO;3 (161 mV dec’l), suggesting that the rate-determining step (RDS)
for NiO dots/a-carbon, nanocrystalline NiO and commercial RuO, are
OOH,¢s formation (step III), deprotonation of adsorbed OH into O,gs
(step II), and the initial OH,q4s formation (step I), respectively [52]. The
combined merits of NiO dots/a-carbon including the overpotentials and
Tafel slopes (Fig. 3d), are superior to the most reported non-noble OER
catalysts (Table S3) [53-63].

The electrochemical active surface area (ECSAs) is evaluated by
double-layer capacitance (Cq)) measurements (Fig. S16). NiO dots/a-
carbon displays a Cq of 3.5 mF ¢cm™2, which is larger than that of
nanocrystalline NiO (2.5 mF cm2) and smaller than for commercial
RuO,, (7.4 mF cm™~2), suggesting that the exposed active surface area of
NiO dots/a-carbon is larger than for nanocrystalline NiO (Fig. 3e).
Fig. S17 indicates that the contributions of carbon support to Cq is 0.31
mF cm 2, which is an order of magnitude smaller compared with the
metal catalysts. The LSV data normalized by ECSA shown in Fig. 3f
provides information about the intrinsic activity. NiO dots/a-carbon
exhibits high performance after ECSA normalization, indicating that
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Fig. 3. OER activity characterization. a) The OER polarization curves, b) overpotentials at a current density of 10 mA cm~2 and c) Tafel slopes of NiO dots/a-carbon,
nanocrystalline NiO and commercial RuO,. e) The double-layer capacitances (Cq) and f) the ECSA normalized polarization curves of NiO dots/a-carbon, nano-
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element representing the double layer capacitance, respectively. h) The Liner sweep rotating ring-disk electrode (RRDE) of NiO dots/a-carbon. i) The potentiostatic-

RRDE of the NiO dots/a-carbon catalyst.

its intrinsic activity is excellent. Nyquist plots and the fitted equivalent
circuit of NiO dots/a-carbon and nanocrystalline NiO are shown in
Fig. 3g and Table S4. The high frequency region (R;C;) circuit represents
the diffusion/adsorption process of the reaction intermediates due to
slow diffusion through the reaction interface [64]. The NiO
dots/a-carbon has the lowest charge-transfer resistance (R¢; = 5.8 Q) as
compared to nanocrystalline NiO (Rt = 25.5 ) and commercial RuO,
(Rt = 33.8 Q, Fig. S18), indicating that the kinetics of the NiO
dots/a-carbon samples is improved [65]. The Cq; calculated from the
fitted CPE; obtained using electrochemical impedance spectroscopy
(EIS) analysis are 6.5 mF cm 2 and 2.5 mF cm 2 for NiO dots/a-carbon
and nanocrystalline NiO, respectively, which is in line with the value
evaluated from cyclic voltammetry (CV) measurements.

The rotating ring-disk electrode (RRDE) measurements were carried
out to evaluate the Faradaic efficiency of OER in Oy-saturated 0.1 M
KOH. Fig. 3h shows LSV data with calculated Faradaic efficiency for the
NiO dots/a-carbon catalysts. The Faradaic efficiency was calculated at
1.58 Vyyg because pseudocapacitive currents contribute significantly to
the obtained currents in the low potential region [27]. The Faradaic
efficiency is close to 100 % between 1.65 Vgyg and 1.8 Vgyg, suggesting

that the oxidation current can be attributed to OER through a
four-electron transfer pathway. The Faradaic efficiency shows a slight
decrease after 1.8 Vryg, due to the decrease in the collection efficiency
of the RRDE resulting from the formation of oxygen bubbles adhered to
the electrode surface. Potentiostatic-RRDE measurements are reported
in Fig. 3i. The measurements show that there is a very small change in
Faradic efficiency when using 1.665 Vgyg for 60 s.

Stability is another critical condition for evaluating the performance
of OER electrocatalysts (Fig. 4). The chronopotentiometry curve of NiO
dots/a-carbon shown in Fig. 4a with a current density of 10 mA cm™2
demonstrates that the electrode operates well for 25 h. The disconti-
nuities observed at 2.5 h and 6 h are plausibly due to poor wetting of
NiO dots/a-carbon at the beginning of measurements. The evolved hy-
drophobic oxygen gas adheres on the poorly wetted surfaces, blocking
active sites and leading to intermittent performance drops. Once the
bubbles grow large enough to detach, the performance recovers,
contributing to the discontinuous pattern. Besides, NiO dots/a-carbon
(Fig. 4b) exhibits merely a 7 mV voltage loss after 10 000 cycles in
accelerated deterioration tests (ADT) in Ny-saturated 0.1 M KOH, indi-
cating its high durability. Contrary, the nanocrystalline NiO
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dots/a-carbon after the ADT. f) Ni 2p XPS of NiO dots/a-carbon after ADT.

electrocatalyst shows significant voltage loss after the ADT in Fig. S19. A
sequence of measurements, including HR-TEM, XAS and XPS, were
further conducted for the NiO dots/a-carbon after the durability test.
The HR-TEM image (Fig. 4c) and the statistical analysis (Fig. S20) reveal
that the size of NiO quantum dots increase slightly. The Ni K-edge of NiO
dots/a-carbon before and after the ADT test in the XANES spectra are
nearly overlapping in Fig. 4e, suggesting that the high-valence state of
Ni is sustained. The observed reduction in white line intensity after the
ADT test indicates changes in the local environment of Ni atoms, which
can be attributed to changes in the ligand field of Ni atoms from NiO into
NiOOH or Ni(OH); [66]. The increase in the pre-edge peak intensity
implies that the local environment of the Ni atoms has become more
distorted or asymmetric. This distortion is plausibly due to the evolution
of OH groups, which have different electronic and structural properties.
The changed ligand field is confirmed by the EXAFS fitting and Ni 2p
XPS analysis. The EXAFS fitting was implemented with Ni-OH and Ni-Ni
paths for NiO dots/a-carbon after 10 000 cycles. As shown by the fitting
parameters in Table S5, the coordination number of Ni-OH (Nyj.0) and
Ni-Ni (Nnini) are 4.0 and 3.9, respectively, indicate a disordered
structure. The amount of Ni(OH); is estimated to be 67 % in the Ni 2p
XPS in Fig. 4f. The O 1 s spectra in Fig. S21 clearly shows a peak at
531.3 eV, which can be attribute to the Ni(OH),. It should be noted that
the peak shape and position are almost the same for NiOOH and Ni
(OH),, and they cannot be really discerned. The excellent electro-
chemical durability can be attributed to the strong interaction between
the NiO quantum dots and the functional groups on amorphous carbon,
which significantly prevents the aggregation and liberation of NiO.

3.4. Water electrolyzer performance of NiO dots/a-carbon

The OER activity experimentally investigated on an AEMEL cell with
a sandwiched structure of NiO dots/a-carbon (anode)| FAA-3-30
membrane| 40 wt% Pt, 40 wt% Ru, 20 wt% C (cathode). The AEMEL
experiments were performed in a 0.1 M KOH solution at 45 °C. Fig. 5a
shows a schematic picture of the membrane electrode assembly (MEA)
fabricated for the NiO dots/a-carbon anode of the AEMEL cell, in which
the liquid alkaline electrolyte is circulated through the electrodes and
separated by the ion exchange membrane. Photos of the cell are shown
in Fig. S22. To maximize electrolyzer performance based on NiO dots/a-
carbon, the influence of catalyst loading was investigated at the same
conditions. Improvements in the performance are achieved by
increasing the catalysts loading from 1.1 to 2.9 mg cm 2 as shown in
Fig. 5b. However, further increase in the loading leads to a decrease of
the MEA activity (Fig. S23), because ohmic and mass transfer losses
dominate in the thick electrode and an increasing number of active sites
cannot compensate for that [67,68].

The NiO dots/a-carbon MEA performance is compared with the one
obtained when using the commercial RuO2 anode with the same loading
in Fig. 5c. In the kinetic region, that is, at cell voltages of less than
1.58 V, the NiO dots/a-carbon MEA shows a small onset overpotential of
228 mV (defined by current density of 10 mA cm’z), which is 46 mV
smaller than that of the commercial RuO; based MEA. At a cell voltage
of 1.55V, the NiO dots/a-carbon MEA delivers a current density of
67 mA cm 2 (Fig. S24), which is more than twice the one obtained with
the commercial RuO, MEA (29 mA cm~2). Detailed comparisons of
overpotentials at selected current densities (from 10 mA cm™2 to
300 mA cm ™ 2) are shown in Fig. 5d. A current density of 500 mA cm 2
is obtained at 1.708 V. for NiO dots/a-carbon at 45°C and the
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Fig. 5. Water electrolyzer performance of NiO dots/a-carbon. a) A schematic picture of the AEMEL cell. b) Current-voltage profiles of the NiO dots/a-carbon catalyst
MEAs with different mass loadings. ¢) Current-voltage profiles of the NiO dots/a-carbon and RuO; MEAs in 0.1 M KOH. The voltage is ohmic resistance-free. d)
Overpotentials of the NiO dots/a-carbon and the commercial RuO, MEAs at different current densities. e) The time-dependent cell potential curve of the NiO dots/a-

carbon MEA at the current density of 500 mA cm 2.

performance loss is negligible after a 12 h stability test (Fig. 5e) at such
high current density, indicating its great potential in practical applica-
tions at a high current density. The MEA performance is compared with
reported literature in Table S6, suggesting a superior water splitting
activity [69-76]. EIS measurements in Fig. S25 show the excellent
performance of NiO dots/a-carbon and the lower overall loss of the NiO
dots/a-carbon MEA. However, because the time constants of various
electrochemical processes overlap, the contributions from various loss
mechanisms cannot be identified by fitting the full cell-impedance
spectrum.

3.5. DTF calculations

Density functional theory (DFT) calculations were also performed to
understand the enhanced OER activity of NiO dots/a-carbon. The
computational details are given in the supporting information
(Table S7). Despite XPS suggests association of Ni®* (2<8<3) with
B-NiOOH, the latter is not used in DFT as a model surface because our
experimental findings do not indisputably confirm its presence. The
(200) plane of NiO is considered as the model catalyst surface since it is
the most exposed surface based on the experimental XRD pattern in
Fig. S26. Considering that the promoted Ni valence state is induced by
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an electron-withdrawing effect of the oxygen functional groups, one
electron is removed from the NiO (200) facet to simulate the low elec-
tronic density on the surface of NiO dots/a-carbon. The standard cubic
NiO model was established to simulate nanocrystalline NiO. The density
of states is shown in Fig. S27. The band gap of 2.17 eV for cubic NiO
predicted at the DFT + U level with U -J = 5.77 eV agrees well with the
experimental value of 2.30 eV, where U is the on-site Coulomb term and
J is the site exchange term [77]. When one electron is removed from the
(200) plane, the hole is redistributed over the whole surface. According
to the Bader population analysis, the average charge of the Ni atoms of
the (200) surface of nanocrystalline NiO is 1.01 e and 1.03 e for the NiO
dots/a-carbon [78,79]. Although the atomic charges change only
slightly, the hole density increases significantly as seen in the middle of
the differential charge density in Fig. 6a. The hole at the electron cloud
of the Ni atom may enable a more efficient charge transfer during the
catalytic process.

The Gibbs free-energy profile and the adsorbed intermediates of the
OER reaction steps are shown in Fig. 6b and Fig. 528, respectively. The
calculations suggest that the adsorption reaction of OH on the surface
from the solution is exergonic and the endergonic formation of *O has a
reaction energy of only 0.20 eV for the 200 facet of NiO in NiO dots/a-
carbon, whereas the reaction free energy of 0.23 eV for nanocrystalline
NiO is slightly larger. The subsequent formation of *OOH is exergonic
with a free energy of 2.27 eV for NiO dots/a-carbon as compared to
2.42 eV for nanocrystalline NiO. The last reaction step, that is, the for-
mation of Oy and HyO, is endergonic with a free energy of 3.19 eV,
which is slightly smaller than reaction free energy of 3.28 eV for
nanocrystalline NiO. The last step is the potential-determining step for
the oxygen evolution reaction because it has the largest reaction energy.
The DFT analysis supports the experimental findings, which indicate
that the high-valent Ni®" (2<8<3) improve the OER catalytic activity,
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owing to the lower barrier for the generation of *O and *OH
intermediates.

4. Discussion

In summary, NiO quantum dots uniformly distributed on amorphous
carbon were successfully prepared and further applied for alkaline water
electrolysis. We demonstrate that the amorphous carbon-induced Ni
valence state modulation can significantly improve the OER perfor-
mance of NiO quantum dots. XPS and XAS analysis reveal that amor-
phous carbon accommodates oxygen functional groups, which are
beneficial for promoting the valence state of Ni. The promoted Ni®*
(2<8<3) increase the electron hole intensity in NiO, enabling efficient
charge transfer during the OER as concluded from the DFT calculations.
Moreover, the tiny size of NiO dots enables a greater metal utilization,
and the open 2D amorphous carbon prevents the aggregation of NiO
dots during OER processes. The high-valent NiO dots/a-carbon elec-
trocatalyst show enhancement in OER activity, compared with nano-
crystalline NiO, while a small degradation of 7 mV after 10 000 ADT
cycles is observed in the RDE measurement. A current density of
500 mA cm 2 at 1.708 V was achieved in the AEMEL measurements at
45 °C and the cell voltage loss is negligible when the current density of
500 mA cm 2 is conducted for more than 12 h. This work provides a
deeper understanding of the design and construction of high-valent Ni
electrocatalysts for efficient water electrolysis.
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the reactions on the oxidized (200) plane.
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