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ARTICLE INFO ABSTRACT

Keywords: Hydrogen has emerged as a green and sustainable pathway towards achieving global decarbonization and net-
Hydrogen evolution zero emissions, intensely driving the need for efficient hydrogen production protocols. Electrocatalytic
Electrocatalysis

hydrogen evolution reaction (HER) holds great potential as a scalable, eco-friendly and safe avenue for efficient
hydrogen production. However, the large-scale implementation of electrocatalytic HER is substantially chal-
lenged by the high-cost and unstable materials that are mainly fabricated from noble metals, e.g., Pt and Pd.
Given this challenge, we adopted an interface engineering strategy to immobilize nanoscale Pt particles within
the framework of nitrogen-doped CNTs, namely Pt@N-CNTs, where electronic metal-support interaction (EMSI)
plays an important role in enabling orbital rehybridization and regulating the charge transfer through the metal-
support interface, thereby considerably improving the electrocatalytic activity. With limited content of noble
metals, our developed Pt@N-CNTs delivered superior HER performance with an ultralow overpotential of 5.8 mV
at 10 mA cm ™2 and demonstrated a high mass activity of 12.72 A mgp{ at an overpotential of 50 mV as well as
excellent stability under harsh acidic conditions. At 500 mA cm ™2, Pt@N-CNTs surprisingly exhibited an over-
potential of 55.2 mV, outperforming that of commercial 20 wt% Pt/C catalysts (131.5 mV). Importantly, we
established a straightforward, scalable, and time-saving microwave reduction strategy, alluding to its promising
commercial viability. This work therefore sheds light on the development of high-performance electrocatalysts
for hydrogen evolution and water electrolysis.

Electronic metal-support interaction
Pt nanoparticles

1. Introduction

Hydrogen is widely regarded as a viable alternative to traditional
chemical fuels due to its high energy density, cleanliness and sustain-
ability [1,2]. Water electrolysis, as a net-zero emission process, is among
the various methods used for hydrogen production, enabling efficient
and sustainable production [3,4]. Catalysts play a crucial role in the
cathodic hydrogen evolution reaction (HER) for hydrogen production
through water electrolysis. However, the large-scale deployment of
cathodic hydrogen evolution reactors is highly limited by the perfor-
mance of current catalysts [5,6]. Addressing this challenge necessitates
novel material solutions and engineering strategies for the development

of efficient and economically viable catalysts [7-9].

Platinum (Pt) is the most efficient HER catalyst due to its near-zero
hydrogen adsorption free energy [10-12]. However, its scarcity and
high cost pose significant limitations to its widespread application in this
field [13,14]. Considerable research efforts have been devoted to
developing non-noble metal catalysts as viable alternatives towards
Pt-based catalysts in order to achieve high activity and stability, e.g.,
transition metal nitrides [15-17], sulfides [18-20] and phosphides
[21-23]. Though various families of non-noble metal catalysts have
been proposed, none can compete with the overall performance of the
state-of-the-art Pt catalyst. Reducing the Pt loading while maintaining
the catalytic activity therefore receives more research attention. As a

* Corresponding author. Department of Chemical Engineering, Swansea University, Swansea, SA1 8EN, UK.

E-mail address: rui.tan@swansea.ac.uk (R. Tan).

https://doi.org/10.1016/j.mtchem.2024.102079

Received 5 March 2024; Received in revised form 27 April 2024; Accepted 4 May 2024

Available online 7 May 2024

2468-5194/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:rui.tan@swansea.ac.uk
www.sciencedirect.com/science/journal/24685194
https://www.journals.elsevier.com/materials-today-chemistry/
https://doi.org/10.1016/j.mtchem.2024.102079
https://doi.org/10.1016/j.mtchem.2024.102079
https://doi.org/10.1016/j.mtchem.2024.102079
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtchem.2024.102079&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Mai et al.

prototypical approach, active Pt is expected to distribute within a given
catalyst in a single-atom scale so that the catalytic activity can be
maximized whilst sustaining a low Pt loading. Zhou et al. demonstrated
this phenomenon by immobilizing single-atom Pt onto a
two-dimensional NiO/Ni heterostructure nanosheet, which was subse-
quently attached to an Ag nanowire conductive network [24]. Their
findings delivered excellent HER performance, strongly evidenced by a
mass activity of 20.6 A mg~! Pt at an overpotential of 100 mV. Wang
et al. anchored single-atom Pt on a cobalt sulfide supports to create a
composite material and demonstrated that it had an overpotential of
only 28 mV at a current density of 10 mA cm 2 [25]. Despite notable
advancements, fabricating single-atom Pt catalysts generally requires
sophisticated processing methods and the developed catalysts possess
limited loading of active sites, which barely meet the demands of
extensive commercialization [26-28]. A rational and strategic design is
highly needed to develop useable Pt catalyst, ensuring optimal loading,
enhanced efficiency and cost-effectiveness.

Electronic metal-support interaction (EMSI) plays an important role
in designing advanced catalysts by allowing the tuning of the electronic
structure and d-band center of the loaded ultrafine nanoparticles (NPs),
as well as optimizing the reduction of intermediates [29]. NPs demon-
strate size effects in catalytic processes due to the high proportion of
low-coordination atoms, high-coordination atoms and strong binding
energy between metals and reactants [30,31]. When the size decreases,
an increase in exposed active sites and interfacial sites occurs, resulting
in an enhanced EMSI effect [32,33]. Furthermore, the EMSI effect is
strongly influenced by the morphology of NPs and the carbon substrates
where suitable carbon supports not only serve as physical supports, but
also impact the geometric configuration and electronic structure of the
supported metal, thereby promoting catalytic activity [34,35]. Carbon
nanotubes (CNTs) are considered as valuable carbon supports due to
their ability to function as active sites for HER, achieved by modulating
electron spin density and charge redistribution through supported
transition metals [36]. However, the weak interaction between the
supported metal and undoped carbon support often results in metal
aggregation and diminishes the catalytical activity [37], for which the
issue can be mitigated by introducing nitrogen into CNT substrates to
enhances the EMSI effect and stabilize NPs [38]. Nonetheless, devel-
oping viable catalysts that combine these aforementioned strategies
present a critical challenge in the design and synthesis methodology.

Herein, we reported a one-step microwave-assisted approach to
immobilizing ultrafine Pt NPs on aniline-stacked carbon nanotubes,
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namely Pt@N-CNTs, and maximizing EMSI effect to achieve efficient
HER at large current density via engineering the metal-support interface
(Fig. 1 and Fig. S1). Specifically, ultrafine Pt NPs are uniformly
embedded within the highly electronic-conductive carbon framework
that was established by hollow tubular CNTs. Interestingly, nitrogen
atoms derived from aniline groups can further enhance the interface
contact between metal and support atoms, thereby effectively enhancing
the stability of the Pt NPs. Despite limited loading of Pt NPs, our
developed Pt@N-CNTs delivered an ultra-low overpotential of 55.2 mV
at an industrial-grade large current density of 500 mA cm ™2, which was
significantly lower than that of commercial Pt/C catalysts with higher Pt
loads, and demonstrated a high mass activity of 12.72 A mgp¢ at an
overpotential of 50 mV. The Pt@N-CNTs catalyst was applied to the
anode of an Mn-Hj flow battery to achieve enhanced anode reaction
kinetics. This work provides a reliable reference for developing cost-
effective and efficient HER catalyst strategies for large-scale produc-
tion and promotes the widespread application of sustainable energy
technologies.

2. Experimental section
2.1. Materials

Aniline (CgH7N), ethylene glycol (CoHgO2) and isopropyl alcohol
(C3HgO) were purchased from Energy Chemical. Carbon nanotubes,
produced by Xuzhou LanoXene Research Institute, consist of a single-
walled carbon nanotube conductive slurry with 0.4 % carbon nano-
tubes and 0.6 % Carboxymethyl cellulose. They are used directly
without any pretreatment. Chloroplatinic acid hexahydrate
(HyPtClg-6H20) was purchased from Shanghai Jiu Ling Chemical Co.,
Ltd. 5 wt% Nafion solution was afforded by DuPont. Commercial Pt/C
(20 %) catalyst was bought from COTRUN NEW ENERGY.

2.2. Preparation of N-CNTs

To synthesize N-CNTs, 30 mL of a CNT slurry (containing 0.4 wt%
CNTs) was thoroughly mixed with 6 mL of aniline. Following this, 100
mL of ultrapure water was added, and the mixture was stirred
magnetically for 6 h to achieve a uniform dispersion. Subsequently, the
dispersion was filtered to obtain a black, viscous substance. This sub-
stance was then uniformly dispersed in ultrapure water and filtered
again. Multiple filtration cycles were repeated to eliminate excess

Enhanced HER activity

Fig. 1. Design principle of metal-support engineering to enhance electrocatalytic activity for hydrogen evolution.
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aniline. Finally, the filtered product was dried overnight at 60 °C to
obtain N-CNTs.

2.3. Preparation of Pt@N-CNTs

Pt@N-CNTs were synthesized using a microwave irradiation
method. Initially, the prepared N-CNTs were dispersed in 100 mL of
ultrapure water. Then, 2.4 mL of a HoPtClg solution with a concentration
of 0.0965 mol L™ was added to the dispersion, and the mixture was
stirred for 4 h. Subsequently, the dispersion underwent repeated filtra-
tion and subsequent dispersion to remove unsupported PtCI2~ ions. The
resulting product was dried at 60 °C for 10 h. Afterward, 50 mL of
ethylene glycol was added to the product and sonicated to achieve a
uniform dispersion. The dispersion was subjected to a 2 min microwave
reaction at 720 W, followed by cooling and repeated filtration. Finally,
the product was dried overnight at 60 °C to obtain Pt@N-CNTs.

2.4. Material characterizations

Scanning electron microscopy (SEM, Hitachi SU8020) was employed
to study the surface morphology of the samples, and the respective
compositions were investigated by energy-dispersive X-ray spectroscopy
(EDS). Transmission electron microscopy (TEM, FEI Titan G2 80-300)
was performed to study the morphology and phase structure. The phase
structurewas analyzed by X-ray diffraction (XRD) using a diffractometer
(SMARTLAB3KW) with Cu Ka radiation. FTIR spectroscopy was per-
formed on an FT-IR Spectrometer Nicolet iS50. Inductively coupled
plasma mass spectrometry ( ICP-MS , Agilent ICPMS 7700 ) was uti-
lized to determine the content of Pt. X-ray photoelectron spectroscopy
(XPS) measurements were taken by the Thermo ESCALAB 250XI with a
monochromatic Al Ka X-ray source.

2.5. Electrochemical measurements

The catalyst ink was prepared by mixing 5 mg of the catalyst, 20 pL of
5 wt% Nafion, and 0.98 mL of an isopropyl alcohol solution. After un-
dergoing ultrasonic pulverization for 3 min, 8 pL of the ink was evenly
dropped onto a polished glassy carbon electrode (GCE) with a diameter
of 5 mm and an area of 0.19625 cm 2. The GCE was then dried at room
temperature. All electrochemical measurements were conducted using a
CHI 760E electrochemical workstation (CH Instruments, China), with
the GCE, graphite rod, and standard hydrogen electrode serving as the
working, counter, and reference electrodes, respectively. A 1 M HClO4
solution (Hj saturated) was utilized as the electrolyte. CV measurements
were carried out for over 50 cycles to achieve a steady state. Subse-
quently, CV measurements were performed in the non-Faradaic region
at a scan rate ranging from 20 to 120 mV s71. LSV measurements were
conducted in the electrolyte at a scan rate of 5 mV s~' with iR
compensation. EIS was performed with an open voltage and a 5 V
amplitude across a frequency range from 10° to 0.01 Hz. The Mn-H,
battery consisted of a Nafion 212 membrane and two graphite bipolar
plates that are in contact with gold-plated copper current collectors. The
current collectors are held together utilizing anodized aluminum end
plates. The positive electrode consists of carbon felt, and the active area
of the electrode is 4 cm?. The hydrogen negative electrode was pur-
chased from Fuel Cell Store. Generated hydrogen was purged into the
reaction cell with a flow rate of 100 mL/min. The electrolyte is an
equimolar solution of 1 M MnSO4 and 1 M Ti(SO4)2 in 3 M H3SO4 so-
lution. To achieve discharge at different states of charge, the battery was
operated for a defined time under fully charged electrolyte to reach 80 %
state of charge.
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3. Results and discussion
3.1. Preparation of Pt@N-CNTs catalysts

The Pt@N-CNTs composite was synthesized by anchoring Pt NPs
onto the surface of CNTs along with aniline molecules, followed by
reduction through microwave-assisted reactions. Through the z-n
stacking, aniline molecules can readily stack onto the surface of CNT and
effectively interact with CNTs during subsequent synthesis and elec-
trocatalytic processes [39,40]. Thereafter, a solution of HyPtClg was
added to the mixture of aniline molecules and CNTs. At pKa of ~4.6,
Amine groups (-NH>) of aniline undergo protonation to form -NH3, thus
introducing positive charges to aniline/CNT composites where PtClZ~
ions can be immobilized on the CNT surface through this electrostatic
interaction. Through microwave irradiation with the use of ethylene
glycol as a reducing agent, PtClZ~ is reduced to ultrafine Pt NPs
depositing on the surface of aniline/CNT composites, namely
Pt@N-CNTs. Aniline/CNT composites were treated throughout identical
processes to obtain the reference samples, namely N-CNTs. The
Pt@N-CNTs catalyst prepared in this manner effectively avoids the
agglomeration of Pt NPs, and is anticipated to exhibit a robust EMSI and
enhanced HER activity.

Fourier-transform infrared spectroscopy (FTIR) was employed to
verify the presence of aniline in N-CNTs. Prior to the tests, samples were
thoroughly washed by deionized water to remove the free aniline mol-
ecules. The FTIR spectrum exhibits absorption peaks at 1578 and 1496
em ™!, which correspond to the stretching vibration of N-H bonds
(Fig. 2a). Peaks at 1292 and 1227 cm ! attribute to the stretching vi-
bration of C-N bonds, whereas peaks at 1123 and 830 cm ™! originate
from the bending vibration of C-H bonds. The positions of these peaks
confirm the successful immobilization of aniline on the surface of N-
CNTs. X-ray photoelectron spectroscopy (XPS), as shown in Fig. 2b and
S3, confirms the presence of only carbon (C), nitrogen (N), and oxygen
(0) in N-CNTs without detectable impurities. The C 1s spectrum reveals
the presence of sp>-hybridized carbon atoms, indicating a low concen-
tration of defects in the CNTs. Additionally, the low Ip/Ig also indicated
low defect of N-CNTs (Fig. S4). The trace amount of nitrogen observed in
the carbon matrix can be attributed to the -NH, groups of the immo-
bilized anilines. The O 1s peak at 532.4 eV may originate from Car-
boxymethyl cellulose or adsorbed H>O.The morphology of Pt@N-CNTs
was further investigated using transmission electron microscopy
(TEM). In comparison to the N-CNTs (Fig. 2d—-e, S2), Pt@N-CNTs dis-
plays a uniform distribution of Pt NPs on the N-CNTs substrate while
preserving the structural integrity of the CNTs. Therefore, these results
confirmed the successful preparation of Pt@N-CNTs catalysts.

3.2. Structural characterization and metal-support interfacial interaction

The Pt-dispersion and crystalline structure of our developed catalysts
was unveiled by high-resolution TEM (HRTEM) and X-ray diffraction.
HRTEM clearly demonstrate the Pt NPs are well dispersed and
embedded in the carbon framework that was created by aniline/CNT
composites (Fig. 2f and g). In addition to well-dispersed Pt NPs with an
average diameter of 2.15 nm, lattice fringes exhibiting a spacing of
0.198 nm corresponding to the (200) crystal plane of Pt are observable
(Fig. 2c-h). Fast Fourier transform (FFT) pattern (Fig. 2i) confirms the
cubic structure of the Pt NPs in Pt@N-CNTs. Furthermore, energy
dispersive X-ray spectroscopy (EDS) mapping (Fig. S5) demonstrates the
homogeneous distribution of C, N and Pt elements on the CNT substrate
of Pt@N-CNTs. The crystalline structure was further investigated using
XRD. As shown in Fig. 3a, the diffraction peaks at 39.8°, 44.8°, 67.5° and
80.6° correspond well to the (111), (200), (220) and (311) planes of the
face-centered Pt crystal (PDF#04-0802), indicating the successful
reduction of Pt on the N-CNTs surface. The diffraction peak at 20 = 23°
can be attributed to the characteristic peak of carbon graphitization in
CNTs. The XRD spectrum exhibits a sharp peak for Pt(111), suggesting a
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Fig. 2. Characterization of Pt@N-CNTs catalyst. a. FTIR spectroscopy of N-CNTs. b. XPS spectra of N-CNTs. c. Corresponding particle size distribution of the Pt NPs.
d. TEM images of N-CNTs. e. TEM images of Pt@N-CNTs. f-g. HRTEM images of Pt@N-CNTs. h-i. FFT patterns.

high degree of crystallinity of the Pt NPs present in the catalyst.
Importantly, the lack of overlapping sharp peaks indicates a homoge-
neous distribution of the Pt NPs. Compared to the XRD patterns of CNTs
and N-CNTs, the XRD pattern of Pt@N-CNTs retains the characteristic
peaks of carbon graphitization seen in CNTs and additionally exhibits
characteristic peaks of Pt. This indicates the successful loading of Pt on
the N-CNTs.

The detailed elemental composition and metal-support interfacial
interaction was investigated by XPS analysis. Though N-CNTs and
Pt@N-CNTs, they have identical spectra, trace amount of Pt was
detected in Pt@N-CNTs (Fig. 3c), suggesting that the N-CNTs supports
are mechanically and electrochemically stable over the reduction pro-
cess of Pt. Notably, chlorides that are detrimental to the Pt-catalyst
stability, were not evidenced in the XPS spectra, indicating complete
dechlorination after the application of microwave treatment. The high-
resolution N 1s spectrum can be separated into four distinct components
with binding energies of 398.4, 399.4, 400.6, and 402.5 eV, representing
the peaks of pyridinic N (Py-N), pyrrolic N (Pr-N), graphitic N (G-N),
and oxidized N (O-N), respectively (Fig. 3b). The content of N is
calculated to be 1.24 at%. In the Pt 4f spectrum (Fig. 3d), it is observed
that the binding energy of Pt at 71.58 eV is close to that of P (71.1 eV),
albeit with a slight positive shift. Notably, the characteristic peak of
Pt@N-CNTs is shifted to a higher energy compared to 20 wt% Pt/C,

indicating a greater electron depletion and higher oxidation state of Pt
atoms within the Pt@N-CNTs composite. The observed phenomenon can
be attributed to the strong EMSI effect between the N-doped carbon
support and the Pt NPs. Furthermore, it indicates a strong interaction
between Pt and aniline, leading to the formation of Pt**. Additionally,
the Pt loading in Pt@N-CNTs is verified to be approximately 8.18 wt%
through the analysis conducted using inductively coupled plasma mass
spectrometry (ICP-MS). These results clearly support the viability of
engineering the interface between Pt NPs and N-CNT support. The
enhanced electronic metal-support interaction can strongly immobilize
the dispersed NPs whilst maintaining or maximizing their electro-
catalytic activity.

3.3. Electrocatalytic performance evaluation

To investigate the influence of active loading on the electrocatalytic
performance, a series of Pt@N-CNTs samples were prepared, and the Pt
loadings were determined using ICP-MS (Fig. S8). Graphite rods were
employed as counter electrodes to evaluate the HER activity of the
different catalysts in Hp-saturated 1 M HClO4 electrolyte. For compari-
son, commercial 20 wt% Pt/C was chosen as the benchmark for com-
parison, and all LSV curves were IR corrected (the uncorrected LSV
curves are shown in Fig. S9). As shown in Fig. 4a, the Pt@N-CNTs
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Fig. 3. Characterization of structures and metal-support interface. a. XRD pattern of CNTs, N-CNTs and Pt@N-CNTs. b. High-resolution N 1s spectra of Pt@N-CNTs.
c. XPS spectra before and after loading Pt. d. High-resolution Pt 4f XPS spectra of the Pt@N-CNTs and 20 wt% Pt/C.

catalyst with Pt loading exhibits significantly enhanced HER activity
compared to the pristine N-CNTs. Conversely, the Pt-free N-CNTs are
inert towards HER, with a negligible current density. In comparison to
the 20 wt% Pt/C catalyst, all the Pt@N-CNTs catalysts demonstrate
better HER activity with low overpotentials (Fig. 4b). As a typical
example, Pt@N-CNTs-8.18 catalyst with the lowest Pt loading exhibits
an extremely low overpotential of only 11.7 mV at a current density of
10 mA cm™2, surpassing the performance of the 20 wt% Pt/C catalyst
(12.9 mV). Furthermore, the Pt@N-CNTs-16.18 catalyst achieves an
even lower overpotential of 5.8 mV. To the best of our knowledge,
Pt@N-CNTs exhibits a small overpotential at 10 mA em 2, indicating its
high efficiency as an HER electrocatalyst compared to recently reported
Pt-based HER catalysts (Fig. 4g and Table S4). Additionally, the Pt-CNTs
catalyst without added aniline exhibited inferior performance, sur-
passing only that of N-CNTs. This suggests that the addition of aniline
can enhance the HER performance of the Pt@N-CNTs catalyst. In terms
of the operation at high currents, Pt@N-CNTs catalysts still maintain
excellent HER activity. For instance, Pt@N-CNTs-8.18 demonstrates a
lower overpotential than Pt/C catalyst at 500 mA cm 2 (125.4 and
131.5 mV, respectively). With a slight increase in the Pt loading to 9.89
wt%, the overpotential significantly decreases to 72.7 mV, and it further
decreases to 55.2 mV at 16.18 wt%. The exceptional HER performance
can be attributed to the strong electron-accepting ability of the nitrogen
atom in aniline, which leads to a strong EMSI effect between the
nitrogen-containing support material and the Pt NPs. Consequently, this
strong interfacial interaction effectively impedes the migration and

aggregation of the Pt NPs, thereby maintaining a high dispersion even at
high current densities.

To assess the kinetic behaviors and determine the HER mechanism of
the catalysts, the Tafel slope is calculated (Fig. 4c and S11). Pt@N-CNTs
catalysts exhibit significantly lower Tafel slopes (e.g., Pt@N-CNTs-
16.18: ca. 16.20 mV dec’l) compared that of Pt/C catalyst (34.75 mV
dec™), indicating a typical Tafel mechanism for HER. The lower Tafel
slope implies a faster increase in current density and a lower potential
for the catalyst, suggesting its greater practical value. By analyzing the
Tafel diagram (Table S2), the exchange current density of Pt@N-CNTs-
16.18 is calculated to be 7.95 mA cm ™2, which is higher than that of Pt/C
(5.71 mA cm~2). This further confirms the improved electrocatalytic
activity of Pt@N-CNTs.

Additionally, the electrochemically active surface area (ECSA) can
elucidate the physical nature of various catalytic activities, which can be
determined by the double-layer capacitance (Cdl) via cyclic voltam-
metry (CV). As depicted in Fig. 4e and S10, the CV curves taken between
0.1 and 0.2 V at scan rates ranging from 20 to 120 mV s~ demonstrate
that, except for Pt@N-CNTs-8.8, all samples exhibit higher capacitance
compared to Pt/C catalyst (3.87 mF crn’z), with Pt@N-CNTs-16.18
achieving an impressive value of 8.08 mF cm™2 The corresponding
ECSA values are provided in Table S3. The higher Cdl of Pt@N-CNTs
indicates that it possesses more active sites to facilitate catalytic re-
actions. This can be attributed to the highly dispersed ultrafine Pt NPs on
the hollow tubular structure with a larger surface area of CNTs. Elec-
trochemical impedance spectroscopy (EIS) is a valuable technique for
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investigating the electron/proton transfer occurring at the interface
between a catalyst and an electrolyte, providing insights into the elec-
trocatalytic performance [41]. Fig. 4d and Table S2 demonstrate a sig-
nificant decrease in charge transfer resistance (R¢) for all Pt@N-CNTs
catalysts compared to Pt/C, indicating enhanced electron/proton
transfer at the interface between Pt@N-CNTs and the electrolyte. This
can be attributed to the higher conductivity of CNTs, which enables
more efficient electron transport and reduces overpotential compared to
amorphous carbon.

Taking the catalyst cost into consideration for practical applications,
the mass activities of the catalysts were evaluated by normalizing the
LSV curves with the mass of Pt. Fig. 4f illustrates the remarkably high
mass activity of Pt@N-CNTs. At an overpotential of 50 mV, the Pt@N-
CNTs-8.18 catalyst exhibits a mass activity of 8.32 mA mg~!, which is
twice that of commercial Pt/C (4.06 mA rng’l), while the Pt@N-CNTs-
16.18 catalyst reaches as high as 12.27 mA mg~!. Furthermore,
compared to other advanced Pt-based catalysts, Pt@N-CNTs demon-
strates superior mass activity (Fig. 4h). Furthermore, to quantify the
catalytic efficiency of individual Pt sites, the turnover frequency (TOF)
was calculated by inferring the number of active sites from ECSA. Since
the exact number and nature of hydrogen binding sites is not known, we
estimated the number of active sites by considering the surface sites on
Pt atoms as possible active sites [42]. Table S3 reveals that the TOF
values for Pt@N-CNTs at an overpotential of 50 mV are notably superior
to those of 20 wt% Pt/C (3.23 s’l). More specifically, the TOF values for

Pt@N-CNTs-8.18, Pt@N-CNTs-9.18, Pt@N-CNTs-10.18, and
Pt@N-CNTs-16.18 stand at 3.68, 4.67, 5.32, and 4.05 s, respectively.
Remarkably, despite a substantially lower Pt loading, Pt@N-CNTs pre-
sented superior HER activity in contrast to Pt/C, thus indicating that the
anchoring of Pt onto the N-doped carbon support enhances the intrinsic
catalytic activity.

3.4. Stability and hydrogen redox flow batteries

Catalyst stability is a crucial parameter for evaluation. The cyclic
stability of Pt@N-CNTs and Pt/C was evaluated by comparing the LSV
curves before and after 1, 3000, and 5000 cycles in a 1 M HClO4 solu-
tion, as illustrated in Fig. 5d. Pt@N-CNTs-16.18 demonstrates remark-
able overpotential stability even after 3000 CV cycles, exhibiting an
increase of only 2.6 mV at 10 mA ecm 2. Additionally, Pt@N-CNTs ex-
hibits minimal variation in overpotential, with a mere 15 mV change
after 5000 cycles, even at a large current density of 200 mA cm 2.
Fig. S12a presents the TEM image of the Pt@N-CNTs catalyst after
cycling, along with the corresponding particle size distribution of Pt
nanoparticles. The image clearly shows that there is no agglomeration of
Pt nanoparticles and their size remains almost unchanged. This dem-
onstrates the effectiveness of the EMSI in preventing the migration and
aggregation of nanoparticles during the electrocatalytic process. More-
over, current-time (i-t) measurements were carried out to assess the
durability of Pt@N-CNTs. Fig. 5e shows that the current density of the
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Pt@N-CNTs catalyst exhibited only a slight decrease after 20 h, indi-
cating its sustained high catalytic activity and stability throughout long-
term electrolysis. These findings strongly support the exceptional elec-
trocatalytic stability of Pt@N-CNTs, which can be attributed to the
robust 7-1 interactions among Pt, aniline, and CNTs. Furthermore, the
pronounced EMSI effect effectively prevents the aggregation of Pt NPs
and promotes substantial electron transfer.

Flow batteries are widely regarded as a promising solution for large-
scale energy storage applications due to their advantages of easy scal-
ability, long cycle life, low maintenance cost, fast response and envi-
ronmental friendliness [43,44]. To further investigate the performance
of the Pt@N-CNTs catalyst in practical applications, we utilized it as the
anode in a manganese-hydrogen (Mn-Hj) flow battery, employing a
soluble Mn?* aqueous solution as the electrolyte (Fig. Sa—c, ). In the
operational Mn-H, battery, Mn2* ions in the electrolyte undergo elec-
trochemical reactions to Mn>"-ions without producing a solid MnO,
deposit, while Hy evolution from HyO is driven by highly active
Pt@N-CNTs catalyst on the anode and vice versus [45]. Fig. 5h shows
the impedance spectra of the hydrogen electrode, revealing lower
charge transfer resistance for the Mn-H> battery compared to Pt/C, even
with a lower catalyst loading. This indicates that the Pt@N-CNTs cata-
lyst effectively accelerates electron/proton transfer, enhancing the ki-
netics of the anode reaction. Additionally, Fig. 5i displays the
galvanostatic discharge curves of the Mn-Hy battery under various
current densities, illustrating noteworthy discharge platforms across all
current densities. Specifically, the Mn-Hj battery exhibited a charging

plateau reaching as high as 1.3V at 20 mA cm 2 Even at 75 mA cm 2, it
still remained at 0.9 V. The rate capability of the battery is crucial for
practical energy storage applications. Fig. 5j demonstrates that the
discharge capacity of the battery remains around 4.5 Ah L™, even with
an increase in discharge current density from 20 mA cm™2 to 75 mA
cm ™2, indicating similar rate performance between the Mn-H, battery
and Pt/C. The Pt@N-CNTs catalyst can be extended to other types of
metal-hydrogen flow batteries, as it reduces the Hy overpotential and
provides higher current density, thus paving the way for practical ap-
plications of metal-hydrogen flow batteries.

4. Conclusions and perspectives

The excellent HER activity of Pt@N-CNTs can be attributed to the
following factors. (1) Enhanced interfacial interaction. A strong EMSI
effect is formed between Pt NPs and the CNT supports, leading to
changes in the charge distribution and surface properties of the catalyst
and thereby significantly enhancing its catalytic activity. (2) Highly
conductive and continuous carbon framework. CNTs act as carbon
supports, offering good stability, conductivity, and confinement effects
[46,47]. Their hollow tubular structure with a high specific surface area
allows for increased exposure of Pt NPs. Additionally, CNTs can modu-
late electron spin density and charge redistribution at active sites for the
HER by supporting transition metals. (3) Incorporation of aniline
molecules to enhance the catalyst matrix. The N atoms in aniline act as
strong electron-accepting groups, enhancing the n-n interaction between
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Pt, aniline, and CNTs. This further promotes the EMSI effect and opti-
mizes the Gibbs free energy of H adsorption. Furthermore, this strong
interaction effectively prevents the migration and aggregation of sub-
micron Pt NPs.

In summary, this study demonstrates a viable metal-support engi-
neering approach to preparing Pt@N-CNTs catalysts with a strong EMSI
effect via a facile and simple microwave reduction protocol. The inclu-
sion of N-doped CNT supports enhances the EMSI effect with platinum
Pt, effectively impeding the migration and aggregation of ultrafine Pt
NPs. Moreover, the charge redistribution optimizes the Gibbs free en-
ergy of hydrogen adsorption. The highly dispersed ultrafine Pt NPs with
abundant exposed active sites and the hollow tubular structure with
efficient electron/mass transfer significantly contribute to the excellent
HER activity. The experimental results reveal that Pt@N-CNTs displays
remarkable HER activity, surpassing 20 wt% Pt/C and other advanced
Pt-based catalysts. The optimized Pt@N-CNTs catalyst exhibits signifi-
cantly low overpotentials of 5.8 mV and 55.2 mV at current densities of
10 mA em 2 and 500 mA cm 2, respectively. Notably, at an over-
potential of 50 mV, Pt@N-CNTs demonstrates a high TOF of 4.05 s+ and
a substantial mass activity of 12.72 A mg~!. This study proposes a novel
approach for the design and implementation of HER electrocatalysts that
can synergize low cost and high activity, thereby enhancing the catalytic
performance of water splitting, particularly at high current densities. Of
greater significance is the fact that this simple and mild one-step mi-
crowave-assisted approach is both faster and more cost-effective in
comparison to conventional techniques like sol-gel and electrochemical
deposition. Furthermore, it aids in achieving the homogeneous distri-
bution of metal particles, thereby enhancing the catalyst’s activity and
stability.
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