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interaction-induced efficient
electrocatalytic water oxidation and methanol
oxidation†

Fenglin Wang,ab Zhicheng Zheng,b Dan Wu,b Hao Wan, *a Gen Chen,b

Ning Zhang, b Xiaohe Liu *ab and Renzhi Ma *c

Metal–support interaction engineering is considered an efficient strategy for optimizing the catalytic

activity. Nevertheless, the fine regulation of metal–support interactions as well as understanding the

corresponding catalytic mechanisms (particularly those of non-carbon support-based counterparts)

remains challenging. Herein, a controllable adsorption–impregnation strategy was proposed for the

preparation of a porous nonlayered 2D NiO nanoflake support anchored with different forms of Pt

nanoarchitectures, i.e. single atoms, clusters and nanoparticles. Benefiting from the unique porous

architecture of NiO nanosheets, abundant active defect sites facilitated the immobilization of Pt single

atoms onto the NiO crystal, resulting in NiO lattice distortion and thus changing the valence state of Pt,

chemical bonding, and the coordination environment of the metal center. The synergy of the porous

NiO support and the unexpected Pt single atom–NiO interactions effectively accelerated mass transfer

and reduced the reaction kinetic barriers, contributing to a significantly enhanced mass activity of 5.59 A

mgPt
−1 at an overpotential of 0.274 V toward the electrocatalytic oxygen evolution reaction (OER) while

0.42 A mgPt
−1 at a potential of 0.7 V vs. RHE for the methanol oxidation reaction (MOR) in an alkaline

system, respectively. This work may offer fundamental guidance for developing metal–loaded/dispersed

support nanomaterials toward electrocatalysis through the fine regulation of metal–support interactions.
Introduction

Tremendous energy conversion technologies have been
directed towards renewable energy sources and carbon
neutralization, including water electrolysis and direct methanol
fuel cells (DMFCs).1 Hydrogen energy, the most eco-friendly
renewable energy source, can be sustainably generated by con-
ducting water electrolysis. However, the anodic multi-electron
water oxidation (i.e. oxygen evolution reaction, OER) possesses
sluggish kinetics manifested in a high energy barrier and
overpotential,2 which signicantly affects the efficiency of the
overall water splitting. Compared to hydrogen energy, renew-
able methanol serves as another commonly utilized fuel that
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can be easily stored and transported with existing infrastructure
of petrol.3 DMFCs represent a kind of remarkable energy
conversion device for the high-efficiency utilization of repro-
ducible methanol through the oxidization of fuel, realizing the
direct conversion of chemical energy into electric energy.4,5

Nevertheless, the development of effective anodic electro-
catalysts for the sluggish methanol oxidation reaction (MOR,
CH3OH + H2O / CO2 + 6H+ + 6e−) remains the bottleneck of
DMFCs.6,7 In addition, the MOR process involves a complex 6-
electron transfer mechanism and multiple pathways, such as
the CO-containing pathway or others, which severely depend on
catalysts.6,7 In this regard, it is challenging and of scientic
signicance to design electrocatalysts with high activities
toward the OER and MOR.8,9

Precious platinum (Pt) has attracted great interest in the
oxidation reaction eld due to its intriguing physicochemical
properties and unprecedented catalytic efficiency.10,11 Strategies
such as constructing ingenious geometrical nanostructures and
modulating the Pt valence state are aimed at enhancing Pt
utilization and electrocatalytic activity, but still remain chal-
lenging. Single-atom catalysts (SACs) have emerged as novel
nanostructures with unique advantages in precisely controlling
active sites, which is attributed to the exposure of numerous
surface atoms, the tunable electronic structure and the coor-
dinative environment.12 The typical synthetic methods such as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Compositional and structural characterization of the porous
NiO substrate and NiO–PtSA, NiO–Ptcluster, NiO–Ptparticle. (A) Sche-
matic illustration of the fabrication procedure for porous NiO–PtSA,
NiO–Ptcluster and NiO–Ptparticle catalysts. (B) XRD patterns of (I) a-
Ni(OH)2-DS, (II) porous NiO (calcined at 700 °C), (III) NiO–PtSA, (IV)
NiO–Ptcluster, and (V) NiO–Ptparticle. (C) SEM image of a-Ni(OH)2. (D)
TEM image, (E) SAED pattern and (F) HRTEM image of NiO. (G) BET
isotherm of porous NiO. (H) BJH-plot of pore volume vs. pore diam-
eter, the inset is a HAADF image of porous NiO. (I) UV-visible
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impregnation, co-precipitation, sputtering and alloying have
been employed for the doping of single atoms, showcasing the
versatility and potential of SACs in catalysis.13–16

Notably, the catalytic activity of an entire SAC is closely
dependent on the anchored substrate. Besides paying attention
to single-atom center species, it is necessary to regulate the
surrounding environment to achieve the optimal electronic
structure and coordination by tuning the chemical bonds
between single atoms and the substrate.17–21 For example, Pt
single atoms supported by carbon black or carbon nanotubes
exhibit inert catalytic activity, whereas Pt single atoms immo-
bilized on RuO2 show superior catalytic mass activity and
stability.12,22 Thereby, the selection of substrates for SACs
implies a complex and multi-perspective challenge in boosting
the SAC activity toward the OER and MOR, such as alloys,23

MoS2,15 MXene nanosheets,24,25 metal nanoparticles16,26 and
transition metal oxides.13 Notably, NiO is a promising substrate
due to its facile phase transformation into highly active NiOOH
with a layered double hydroxide structure during the catalytic
oxidation process,27 which is conducive to providing a migra-
tion channel for OER intermediates and thus facilitating the
oxidative removal of COads on the activity sites in the MOR.

Recently, metal–support interactions, mainly those between
metals and carbon substrates, have been massively studied for
enhancing the electrocatalytic performance. For instance, Pt
single atoms loaded on thiolatedmultiwalled carbon nanotubes
are barely signicant to the MOR catalytic activity, while Pt
clusters possess a small MOR overpotential,28 attributed to the
requirement of at least three Pt atoms to form a combined
active site for the MOR.29 The dispersion and size of Pt are vital
factors in determining the metal–support interactions and thus
optimizing the electrocatalytic activity. Considering that single
atoms predominantly anchor on the surface of materials, the
charge state and distribution of SACs on the support directly
inuence Gibbs free energies of the crucial intermediates
involved in the catalytic process, thereby tuning the rate-
determining steps involved in the OER and MOR. Hence,
regulating the noble metal–NiO support interactions by
controlling the metal size and nanoarchitecture is an effective
approach to modulate the electronic structure and bonding
state around single atom-based catalysts.

Herein, a facile adsorption–impregnation strategy was
employed to adjust the light condition and reaction time,
facilitating the immobilization of different Pt nanostructures
(single atoms, clusters, and nanoparticles) on the porous NiO
nanoake substrate, and thus achieving NiO–Pt single atoms
(NiO–PtSA), NiO–Pt clusters (NiO–Ptcluster) and NiO–Pt particles
(NiO–Ptparticle) respectively. The porous architecture of 2D
nonlayered NiO offered abundant defects and accelerated mass
transfer. The metal–NiO interactions and their effects on the
catalytic performance were systematically studied. Remarkably,
the immobilized Pt single atoms effectively reduced the reaction
kinetic barrier and enhanced the catalytic activity in an alkaline
system. As a result, the as-constructed NiO–PtSA catalyst dis-
played high OER performance with an enhanced mass activity
of 5.59 A mgPt

−1 at a current density of 10 mA cm−2, and an
© 2024 The Author(s). Published by the Royal Society of Chemistry
enhanced MOR peak mass activity of 0.42 A mgPt
−1 at 0.7 V

vs. RHE.
Results and discussion

Diverse Pt nanostructures (i.e. single atoms, clusters or nano-
particles) immobilized on a porous NiO nanosheet substrate
were synthesized by a facile adsorption–impregnation method,
as illustrated in Fig. 1A. First, a-type layered nickel hydroxide
intercalated with anionic surfactant dodecyl sulfate (denoted as
a-Ni(OH)2-DS) was prepared via an oil bath process. The basal
reection series of the product well matched with a typical a-
Ni(OH)2-DS layered structure with an interlayer spacing of
2.6 nm (Fig. 1B(I)). A substantial quantity of uniform nanoakes
was observed in the representative scanning electron micros-
copy (SEM) image (Fig. 1C). Second, the inuence of calcination
temperature on the morphology and structure of the calcined
product was investigated in detail. Interlayer anionic DS− could
not be completely removed at 600 °C (Fig. S1 and S2†), while
pores would form and lead to morphological defects at
a calcined temperature of 800 °C (Fig. S3 and S4†). Therefore,
the optimal NiO with standard crystal (JCPDS No. 65-2901,
Fig. 1B(II)) and porous nanosheet morphology (Fig. S5†) was
obtained through calcination at an ambient temperature of 700
°C. The porous feature of the NiO nanoakes was further
conrmed by transmission electron microscopy (TEM)
(Fig. 1D). A high-resolution TEM image (HRTEM) indicated
absorption spectra of NiO and the three NiO/Pt samples.

Chem. Sci., 2024, 15, 10172–10181 | 10173
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Fig. 2 Atomic structure characterization of the as-prepared NiO–PtSA,
NiO–Ptcluster, and NiO–Ptparticle. (A and B) AC-HAADF-STEM images of
NiO–PtSA. (C) Schematic illustration and ICP-OES of NiO–PtSA. (D and
E) AC-HAADF-STEM images of NiO–Ptcluster. (F) Schematic illustration
and ICP-OES of NiO–Ptcluster. (G and H) AC-HAADF-STEM images of
NiO–Ptparticle. (I) Schematic illustration and ICP-OES of NiO–Ptparticle.
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clear lattice fringes with a lattice space of 0.24 nm, corre-
sponding to the (111) planes of NiO (Fig. 1F). The selected area
electron diffraction (SAED) pattern, as shown in Fig. 1E,
revealed the polycrystalline nature of NiO nanoakes.

The surface properties of NiO were investigated by Bru-
nauer–Emmett–Teller (BET) characterization. The isotherms of
NiO showed a hysteresis loop with high relative pressure (P/P0)
in the range of 0 to 1 according to the N2 adsorption–desorption
isotherms (Fig. 1G), and the BET surface area for NiO was thus
estimated as 36.99 m2 g−1. Based on the related pore size
distribution plot by the Barrett–Joyner–Halenda (BJH) method,
the pore size of NiO nanoplates was predominantly distributed
between 1 and 20 nm. The average pore diameter for adsorption
and desorption was 10.24 nm and 11.24 nm, respectively, as
shown in Fig. 1H. The porous feature morphology of NiO may
be convenient to supply pores, defects and abundant active
sites, making it an outstanding substrate. In the nal step, the
NiO–PtSA, NiO–Ptcluster, and NiO–Ptparticle were prepared by
immersing porous NiO into the deionized water containing
chloroplatinic acid (H2PtCl6) solution for spontaneous adsorp-
tion. The evolution in the morphology and structure of the
different Pt nanostructure decorated catalysts was created by
tuning the synthetic reaction time and light condition. No
obvious differences and crystal diffraction peaks of Pt for the
three catalysts were observed in the XRD patterns, whichmay be
due to the low Pt content (Fig. 1B(III)–(V)). However, the Pt
peaks show a gradually increased tendency according to the UV-
visible absorption spectra (Fig. 1I), indicating that the Pt
content increased in the sequence of NiO–PtSA, NiO–Ptcluster,
and NiO–Ptparticle.

No signicant differences were observed in the lamellar
morphologies of NiO–PtSA and NiO–Ptcluster catalysts based on
the visualized SEM images (Fig. S6A and S6C†), while the
surface of NiO–Ptparticle nanoakes was modied by some small
nanoparticles (Fig. S6E†). The high-angle annular dark-eld
scanning transmission electron microscopy (HAADF-STEM)
images (Fig. S6B and S6D†) further conrmed the porous
nature of NiO–PtSA and NiO–Ptcluster nanoakes. The white
highlights recorded in the HAADF-STEM observation of NiO–
Ptparticle might be ascribed to Pt nanoparticles (Fig. S6F†). The
corresponding STEM-EDX maps demonstrated uniform
dispersion of Ni and Pt elements throughout NiO nanoakes.
To further conrm the component of light spots, SAED and
HRTEM of the three catalysts were conducted, as displayed in
Fig. S7–S9,† respectively. The lattice fringes and SAED patterns
of NiO–PtSA and NiO–Ptcluster catalysts matched well with NiO
crystals, verifying the substrate as NiO. In contrast, the lattice
fringes of 0.22 nm were assigned to the Pt (111) plane for the
nanoparticles on the NiO surface, affirming the bright spots as
Pt nanoparticles. Additionally, for comparison, pure Pt nano-
particles were fabricated under the same conditions as those for
NiO–Ptparticle without the addition of NiO (Fig. S10–S12†).

To intuitively investigate the dispersion state of Pt,
aberration-corrected high-angle annular darkled-scanning
transmission electron microscopy (AC HAADF-STEM) was
used to unambiguously contrast the sub-nanometer metal
particles. Fig. 2A and B display the AC-HAADF-STEM images of
10174 | Chem. Sci., 2024, 15, 10172–10181
NiO–PtSA, showing brighter spots (i.e. Pt atoms, marked by the
green circles) that were atomically dispersed. Meanwhile, no
bright Pt atoms were observed in between any two adjacent
lattice fringes, revealing the absence of Pt atoms in the inter-
stitial sites of the lattices. It was thus speculated that Pt atoms
substituted Ni sites, i.e., achieved the doping behavior in NiO
lattices. The Pt single atom loading was further revealed by ICP-
OES as 0.73 wt%, which may change the electronic structure
and coordination of the center atoms due to the substitution
into the crystal lattices, as illustrated in Fig. 2C. When the Pt
loading increased up to 1.22 wt%, not only highly dispersed Pt
single atoms but also some bright clusters were found in the AC-
HAADF-STEM images of NiO–Ptcluster (Fig. 2D and E), indicating
that Pt atoms could be gradually nucleated on the surface of
NiO nanoakes and grew into Pt clusters at such an increased Pt
content, as shown in Fig. 2F. In contrast, aggregated spots of
∼3 nm were observed in the AC-HAADF-STEM images of NiO–
Ptparticle with a high Pt loading of 3.68 wt%, corresponding to Pt
nanoparticles (Fig. 2G and H). The above results show that Pt
may be nucleated from single atoms to nanoparticles through
clusters on the surface of NiO nanoakes, as displayed in
Fig. 2I.

The electronic state and chemical composition of the Pt
atoms in different NiO/Pt catalysts were investigated by X-ray
photoelectron spectroscopy (XPS), as shown in Fig. 3A–C. In
Pt 4f spectra, three characteristic states of Pt were deconvoluted,
which were ascribed to metallic Pt0 (70.9 eV, 74.2 eV), Pt2+

(72.9 eV, 76.4 eV) and Pt4+ (78.35 eV), respectively. In particular,
Pt atoms in NiO–PtSA mainly existed in the valence state of Pt2+,
indicating that Pt was coordinated with O in the NiO crystal.
Besides the Pt2+ coordinations, the signal of metallic Pt0 was
also detected for NiO–Ptcluster, indicating that Pt was nucleated
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electronic state and coordination characterization. XPS spectra of (A) Pt 4f, (B) Ni 2p and (C) O 1s for NiO–PtSA, NiO–Ptcluster, and NiO–
Ptparticle. (D) XANES spectra, (E) the corresponding FT-EXAFS curves and (F) EXAFS wavelet transform plots of NiO–PtSA, Pt foil and PtO2.
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and grew into clusters. In contrast, the Pt nanoparticles in the
NiO–Ptparticle catalyst were formed as Pt0, Pt2+ and Pt4+ species;
herein Pt4+ might be derived from the adsorbed PtCl6

2− ions on
the surface of the samples.30,31 The XPS results of Pt were
consistent with the AC-HAADF-STEM observations. Fig. 3B
depicts the high-resolution Ni 2p spectrum, in which the peaks
at 855.8 eV and 873.3 eV along with two weak satellite peaks at
861.0 eV and 879.4 eV corresponded to the Ni 2p3/2 and Ni 2p1/2
signals of NiO, respectively. This was assigned to the valence
state of Ni2+ by forming the Ni–O bond in the NiO crystal. The O
1s spectra of the three catalysts were divided into two charac-
teristic peaks of lattice oxygen (Olat, 529.3 eV) and oxygen
vacancies (Ovan, 532.3 eV), in which the lattice oxygen was
formed by M–O (M = Ni and/or Pt) and the oxygen vacancies
originate from the porous interfacial defects in the NiO
nanoplates.32

For the in-depth study of the coordination environment and
electronic conguration of Pt single atoms in the NiO–PtSA, X-
ray absorption ne structure (XAFS) spectroscopy was carried
out. The Pt L3-edge normalized X-ray absorption near-edge
structure (XANES) spectrum of NiO–PtSA is signicantly distin-
guished from those of Pt foil and PtO2 (Fig. 3D), in which the
intensity of white-line peaks at 11 568 eV corresponded to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
transfer of the Pt 2p3/2 core electron to 5d states, and thus was
used as an indicator of Pt 5d band occupancy.33,34 The decreased
white-line intensity corresponded to the increased Pt 5d occu-
pancy. Thus, lower 5d occupancy indicated the less charge loss
of the Pt single atoms aer coordinating with the substrate in
comparison with Pt foil. This implied that Pt in NiO–PtSA was
positively charged due to the electron transfer from Pt to the
surrounding O atoms in the NiO substrate.24,35 The charge state
of Pt in NiO–PtSA was closely affected by the coordination with
the substrate. The atomic coordination conguration of Pt was
further revealed by the extended XAFS (EXAFS) at the Pt L3-edge,
as shown in Fig. 3E. The absence of the typical Pt–Pt peak at 2.65
Å for NiO–PtSA strongly indicated that Pt is in the atomically
dispersed single atom state, matching well with the AC-HAADF-
STEM observations. Specically, the dominant peak of Pt–O
coordination for NiO–PtSA slightly shied to 1.83 Å in compar-
ison with 1.62 Å of PtO2 in the R-space spectrum, indicating the
formed Pt–O as Pt2+ instead of Pt4+, which is consistent with the
XPS results. As shown in Fig. 3F, the wavelet-transform plots of
NiO–PtSA showed a maximum of about 10.5 Å which was lower
than 11.4 Å of Pt foil but higher than 7.4 Å of PtO2, further
conrming the coordination conditions of Pt–O for Pt single
atoms in the NiO–PtSA sample.
Chem. Sci., 2024, 15, 10172–10181 | 10175
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The OER electrocatalytic activities of as-fabricated NiO/Pt
catalysts were measured in 1.0 M KOH electrolyte, as dis-
played in Fig. 4. The NiO–PtSA catalyst possessed the highest
OER activity with a rather low overpotential of 0.274 V delivering
10 mA cm−2 in comparison with the other catalysts (Fig. 4A).
Furthermore, the NiO–PtSA catalyst exhibited a smaller Tafel
slope of 83 mV dec−1 and an enhanced double-layer capacitance
(Cdl) of 58 mF cm−2 compared to the hydroxide precursor and
the other two NiO/Pt catalysts featuring different Pt nano-
structures (Fig. 4B and C), suggesting that atomically dispersed
Pt single atoms on the NiO substrate could supply more
accessible active sites for the OER. Moreover, when normalized
with the Pt loading mass, NiO–PtSA delivered a higher current of
5.59 A mgPt

−1 at an overpotential of 0.274 V, which was 2.64 and
9.63 times that of NiO–Ptcluster (2.11 A mgPt

−1) and NiO–Ptparticle
Fig. 4 Electrocatalytic alkaline OER performance of the catalysts in 1.0
kinds of NiO/Pt catalysts, the inset shows the overpotentials of different c
Estimation of Cdl by fitting a linear regression at different scan rates. (D) T
O2. (G) Chronoamperometric curves of NiO–PtSA. (H) Nyquist plots of th
NiO–PtSA at 5 mV s−1. (J) Nyquist plots of NiO–PtSA at different potentials
showing the relationship between surface species, interfaces and reactio

10176 | Chem. Sci., 2024, 15, 10172–10181
(0.58 A mgPt
−1), respectively (Fig. 4D), indicating a much higher

mass activity for NiO–PtSA. The above results highlight that the
incorporation of NiO with a minimal amount of Pt single atoms
can extremely maximize the mass activity toward alkaline OER,
signicantly reducing the Pt cost while increasing its utiliza-
tion. Moreover, the NiO–PtSA possessed a higher turnover
frequency (TOF) and O2 production rate compared with the
other as-prepared catalysts according to the calculations and
analyses (Fig. 4E and F). Furthermore, the NiO–PtSA catalyst
demonstrated high durability in continuous electrocatalysis,
with negligible potential uctuation detected over 20 h during
the OER at current densities of both 10 mA cm−2 and 50 mA
cm−2 (Fig. 4G). The structural and morphological character-
ization of the NiO–PtSA catalyst aer the stability test at 10 mA
cm−2 suggested negligible changes aer a long-term alkaline
M KOH electrolyte. (A) OER polarization curves of a-Ni(OH)2, NiO and
atalysts delivering a current density of 10 mA cm−2. (B) Tafel slopes. (C)
he mass activity of NiO/Pt catalysts. (E) TOFs and (F) production rate of
e catalysts, the inset shows the fitting equivalent circuit. (I) CV curve of
. (K) Bode plots for NiO–PtSA during the OER. (L) Schematic illustration
ns for NiO–PtSA during the OER.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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OER process (Fig. S13 and S14†). Meanwhile, the charge trans-
fer resistance (Rct) of NiO–PtSA was lower than those of precur-
sors and Pt-based catalysts (Fig. 4H and Table S1†), which was
mainly due to the optimized electronic structure and coordi-
nation environment originating from the atomically Pt dopant
in the NiO crystal. Fig. 4I shows the cyclic voltammetry (CV)
curve of NiO–PtSA, in which a pair of redox peaks were observed
before the OER region, revealing that the catalyst was electro-
oxidized before the OER process. To probe the interface elec-
tron transfer reactions, operando EIS was conducted to obtain
the Nyquist (Fig. 4J) and Bode plots (Fig. 4K) during the OER for
NiO–PtSA. The charge transfer resistance signicantly decreased
with the increase of potential, accompanied by distinct electro–
oxidation reaction and OER. The equivalent circuit diagram and
model, as presented in Fig. 4L, represent the situations before
and/or aer electro–oxidation reaction.36,37 Based on the
intrinsic consistency of the equivalent resistance with the
reaction and current density of the NiO–PtSA catalyst, it was
speculated that the electro-oxidation reaction (in the potential
windows higher than 1.295 V) took place at the high-frequency
interface while the OER (in the potential region higher than
1.470 V) occurred at the low-frequency interface.

To deeply understand the structural transition during the
OER, in situ Raman electrochemical investigation was con-
ducted on NiO–PtSA during the overpotential sweep from 0 to
400 mV (Fig. 5A). Five characteristic peaks appeared at 539, 735,
909, 1091 and 1507 cm−1 under no bias condition, which match
well with the rst-order longitudinal optical (LO), transverse
optical (2TO), LO+TO, 2LO and 2 M modes of NiO, respec-
tively.38,39 At an overpotential of 0 V (1.23 V vs. RHE), additional
peaks slightly appeared at 477 and 558 cm−1, corresponding to
the g-NiOOH phase.40,41 With increased overpotentials, the
Fig. 5 Mechanism and theoretical calculations on the OER. (A) The in sit
The survey XPS of NiO–PtSA after the OER stability test. The inset is the a
stability test, obtained from the XPS. (C) Free energy diagrams. Reaction
PtSA and (F) Pt site in NiO–Ptcluster.

© 2024 The Author(s). Published by the Royal Society of Chemistry
signal intensity of g-NiOOH intensied, while that for NiO
decreased, verifying that introducing Pt single atoms facilitates
a structural transition at a lower potential and plays the key role
in boosting subsequent OER kinetics.

XPS was engaged to analyze the surface chemical states and
element components of NiO–PtSA aer the OER stability test
(Fig. 5B and S15†). The survey XPS spectrum identied Ni, Pt, C
and O with 11.18, 0.03, 43.00 and 45.8 at%, respectively (the
inset of Fig. 5B). Accordingly, the proportions of Pt and Ni were
0.35 at% and 99.65 at% (Table S2†), respectively, indicating that
the Pt content did not show signicant loss aer OER
measurement compared to that in the initial catalyst (0.73 wt%,
0.34 at%). The O 1s spectrum still exhibited two peaks for the
oxygen lattice and vacancies, respectively. The Ni 2p spectrum
also deconvoluted to two sets of Ni 2p3/2 and Ni 2p1/2 assigned to
Ni2+, indicating that the structural transformation of the
NiOOH phase into initial NiO is highly reversible. The Pt 4f
spectrum was assigned to Pt2+ without any other peaks, indi-
cating that Pt single atoms are relatively robust and no
agglomeration occurs due to the absence of metallic Pt peaks
aer the OER.

The energy barrier is a key descriptor to evaluate the rate-
determining step for the OER. Density functional theory (DFT)
calculations were introduced to calculate the Gibbs free energy
on different active sites for pure NiO, NiO–PtSA, and NiO–Ptcluster.
Fig. S16† exhibits the intermediate transformation pathway
(OH*, O* and OOH*) in the OER process for Ni sites of the pure
NiO catalyst, through which the rate-determining step of pure
NiO was determined as the deprotonation of OH*. Moreover, the
reaction dynamics on the Ni and Pt active sites of NiO–PtSA were
further investigated (Fig. 5C–E). The rate-determining step was
ascribed to the adsorption of OH* to form OOH* with an energy
u Raman spectra of NiO–PtSA under various applied overpotentials. (B)
tomic content of Ni, Pt, C and O in the NiO–PtSA catalyst after the OER
pathways for the OER on the (D) Ni site in NiO–PtSA, (E) Pt site in NiO–
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barrier of 1.62 eV on the Pt sites of NiO–PtSA for the OER, which
was lower than 1.75 eV for the deprotonation of OH* on Ni sites,
indicating that Pt single atoms in NiO–PtSA tended to be the
active sites for the OER and were more favorable for O2 genera-
tion. When the Pt atoms aggregated into a cluster state, the rate-
determining step of the NiO–Ptcluster on Pt sites changed back to
the deprotonation of OH* with an energy barrier of 1.95 eV
(Fig. 5C and F), which was higher than the Pt single atom state,
suggesting that the Pt clusters might be less conducive to the
OER process. Therefore, it could be concluded that tunable
metal–support interactions originating from the size and
dispersion of Pt directly affected the OER process. In particular,
Pt single atoms inNiO nanoakes reduced the energy barrier and
thus promoted the OER process.

The MOR performance of the as-prepared catalysts was
tested in a mixed 1.0 M KOH + 1.0 M CH3OH aqueous electro-
lyte. The catalytic activities were evaluated from CV curves at
a scan rate of 50 mV s−1, as recorded in Fig. 6A and S17.† Pure
NiO exhibited no obvious current response toward the MOR,
while all three NiO/Pt catalysts showed a signicant current
increase when using NiO as the substrate. The NiO–PtSA catalyst
displayed the lowest onset oxidation potential (0.519 V vs. RHE)
compared with NiO–Ptcluster (0.541 V vs. RHE) and NiO–Ptparticle
(0.615 V vs. RHE), indicating that Pt single atoms enabled NiO–
PtSA to be an efficient MOR electrocatalyst compared to the
other catalysts. The lowest onset oxidation potential of NiO–PtSA
revealed the formation of weakly adsorbed COads on Ni and/or
Pt active sites, which affected the key step of the co-
adsorption of *CO + *OH in the MOR to avoid self-poisoning
and deactivation of the catalyst.42,43 In addition, the ratios of
Fig. 6 MOR performance in a mixed electrolyte of 1.0 M KOH and 1.0
showingmass activities at peak potentials for as-prepared catalysts at 50
NiO–PtSA with the typical direction and reverse direction (blue line: typica
inset shows the simulated circuit. (E) Chronoamperometry curves for th

10178 | Chem. Sci., 2024, 15, 10172–10181
the forward peak current density (If) to backward peak current
density (Ib), i.e. If/Ib, were estimated to be 5.13, 4.30, 3.52, and
1.93 for NiO–PtSA, NiO–Ptcluster, NiO–Ptparticle and pure Pt cata-
lysts, respectively. The prominent If/Ib of NiO–PtSA indicated
a more efficient MOR process with less residual intermediate
species which were generated as a result of the incomplete
electrooxidation of CH3OH. Moreover, as presented in Fig. 6B,
the mass activity of NiO–PtSA (0.422 A mgPt

−1) was 2.62 and
18.35 times that of NiO–Ptcluster (0.161 A mgPt

−1) and NiO–
Ptparticle (0.023 AmgPt

−1), respectively. Higher peakmass activity
and smaller peak potential of NiO–PtSA indicated a lower acti-
vation barrier. Such a prominent mass activity was also superior
to those of previously reported Pt-based catalysts.44–49 The effect
of Ib on methanol oxidation was assessed by comparing the
typical forward direction with the reverse direction (Fig. 6C).
Two curves were highly overlapped, which revealed that back-
ward oxidation was almost not inuenced by the forward or
reverse reactions. The EIS data, as shown in Fig. 6D and Table
S3,† indicated that NiO–PtSA presented a smaller semicircle
radius of impedance than those of NiO–Ptcluster and NiO–
Ptparticle, which implied that electron transfer was signicantly
facilitated because of the Pt single atoms–NiO support inter-
action. Chronoamperometry was carried out at 0.70 V vs. RHE to
further evaluate the durability toward the MOR (Fig. 6E). It
should be noted that the nal current density of NiO–PtSA aer
10 000 s was remarkedly higher than those of NiO–Ptcluster and
NiO–Ptparticle. In addition, NiO–PtSA maintained a superior
capacity retention of 95% aer 500 cycles for the MOR
(Fig. S18†). The outstanding electrocatalytic stability and
M CH3OH. (A) The mass-normalized CV curves and (B) a comparison
mV s−1 and the previously reported Pt-based catalysts. (C) CV results of
l direction, yellow dashed line: reverse direction). (D) Nyquist plots, the
e NiO/Pt catalysts at 0.70 V for 10 000 s.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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durability of the NiO–PtSA further veried its excellent anti-
poisoning properties.
Conclusions

A series of NiO/Pt catalysts with different Pt nanostructures
(single atoms, clusters, and nanoparticles) were prepared using
a simple adsorption–impregnation strategy by adjusting the
light condition and reaction prolongation, and further applied
to the electrocatalytic OER andMOR. According to experimental
analyses and theoretical calculations, Pt single atoms in the Pt2+

valence state are mainly coordinated with the surrounding O,
optimizing the electronic structure and coordination of the
metal centers, i.e. the metal–support interactions. This strategy
combined the advantages of porous nanoake structures of the
NiO substrate with the Pt dopant to optimize the noble metal–
NiO support interactions. As a result, the NiO–PtSA catalyst
showed the merits of low Pt loading for high Pt utilization, and
improved transmission of active species with a remarkably
enhanced catalytic activity of 5.59 AmgPt

−1 for the OER and 0.42
A mgPt

−1 for the MOR, which signicantly surpassed the NiO–
Ptcluster and NiO–Ptparticle. This work will offer an approach of
carefully modulating metal–non-carbon support interactions to
develop highly active hybrid catalysts for energy-related
technologies.
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