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ABSTRACT: Platinum nanoparticles loaded on a nitrogen-doped
carbon nanotubes exhibit a brilliant hydrogen evolution reaction
(HER) in an alkaline solution, but their bifunctional hydrogen and
oxygen evolution reaction (OER) has not been reported due to the
lack of a strong Pt—C bond. In this work, platinum nanoparticles
bonded in carbon nanotubes (Pt-NPs-bonded@CNT) with strong
Pt—C bonds are designed toward ultralow overpotential water
splitting ability in alkaline solution. Benefit from the strong
interaction between platinum and high conductivity carbon
nanotube substrates through the Pt—C bond also the platinum nanoparticles bonded in carbon nanotube can provide more
stable active sites, as a result, the Pt-NPs-bonded@CNT exhibits excellent hydrogen evolution in acid and alkaline solution with
ultralow overpotential of 0.19 and 0.23 V to reach 1000 mA cm™, respectively. Besides, it shows superior oxygen evolution
electrocatalysis in alkaline solution with a low overpotential of 1.69 V at 1000 mA cm™> Furthermore, it also exhibits high stability
over 110 h against the evolution of oxygen and hydrogen at 1000 mA cm™>. This strategy paves the way to the high performance of
bifunctional electrocatalytic reaction with extraordinary stability originating from optimized electron density of metal active sites due
to strong metal-substrate interaction.
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1. INTRODUCTION improvement of catalytic performance mainly includes two key
Hydrogen fuel has become the most important fuel in the aspects: (1) Increase the specific surface area of the catalyst to
world today, besides fossil fuels, due to its high energy density expose more active sites, such as nanoparticles, nanoclusters,
and product cleanliness.' > However, a large amount of energy nanoplates, and metal—organic frameworks, thereby making
is consumed in the process of industrial hydrogen production the electrode have more active sites to combine intermediates
as the result of the constant need for high overpotential for for improving the catalytic performance,H_lg (2) Construct
water splitting, especially in an alkaline medium, and the low Pt-based composite materials by confining active sites into
proton concentration has become a serious obstacle for other electrochemically active materials or converting platinum
HER.*® In fact, developing water electrolysis catalysts for metal to platinum compounds, such as oxide, telluride, and
industrial applications is very challenging because they always alloys."”~**

face the bottleneck of long-term stability and low overpotential The splendid oxygen evolution performance of platinum-
when operating at ampere-level current. The anion exchange based materials has rarely been studied, and achieving
membrane (AEM) based water electrolyzer also relies on an platinum-based catalysts with efficient bifunctional hydrogen
efficient oxygen evolution reaction (OER), so the application and oxygen evolution ability is an important research field
of highly active catalysts to evolve oxygen under alkaline because the oxygen evolution reaction is also a pivotal part of
conditions has become a thorny issue.” " Platinum is a the anion exchange membrane water electrolyzer.23 In order to
milestone catalyst that has achieved hydrogen evolution under construct an efficient platinum-based catalyst for water

acidic conditions, but it is also hindered by the magnitude of
low reaction kinetics in alkaline solution compared with acidic
medium due to the key water dissociation step (H,O + e~ —
*H + OH™).”"

Given the hydrogen evolution capability under acidic
conditions, developing Pt-based electrocatalysts with low
cost, fast kinetics, and long-term stability in alkaline solutions
has become an important strategy worth exploring. In previous
studies, many efforts have been devoted to designing Pt-based
catalysts to enhance their hydrogen evolution ability."' ™" A
common understanding for devising the strategy is that the

splitting, choosing a suitable substrate to load active platinum
with a stable structure to serve strong metal—support
interaction is an important point.24_27 Carbon nanotube
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(CNT), as a stable high conductivity substrate, is most
promising for anchoring active sites on the surface toward
high-activity catalysts, such as nanoparticles, nanoplates, and
nanowires. >’ Wang et al. reported that successfully
synthesized Pt nanoparticles loaded on nitrogen-doped carbon
nanotubes with pyridinic-N and pyrrolic-N decorated, have
shown ampere-level hydrogen evolution ability, but did not
exhibit OER performance due to the lack of strong Pt—C
bonds.”" Meanwhile, previous research is limited to achieving
significant bifunctional hydrogen and oxygen evolution based
on platinum and CNT through strong chemical bond
interaction to reduce electron transfer energy barriers.
Inspired by the above discussion, herein, we designed
platinum nanoparticles bonded in carbon nanotubes (Pt-NPs-
bonded@CNT) with Pt—C bonds toward ultralow over-
potential water splitting ability in alkaline solution (Figure 1).

Figure 1. Schematic illustration of Pt-NPs-bonded@CNT toward
bifunctional catalytic hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER).

During the synthesis process, carbon nanotubes are employed
as the substrate, and surface oxygen-containing groups of
carbon nanotubes are modified by strong acid treatment,
causing defects on the surface to capture platinum atoms,
thereby promoting the embedding of platinum nanoparticles
on the surface of carbon nanotubes. Benefit from the strong
interaction between platinum and high-conductivity carbon
nanotube substrates through the Pt—C bond, the platinum
nanoparticles bonded in carbon nanotube can provide more
stable active sites, the Pt-NPs-bonded@CNT shows splendid
electrocatalytic performance. Therefore, it exhibits excellent
hydrogen evolution ability, and when the current density
reaches 1000 mA cm™, it only requires an ultralow
overpotential of 0.19 V in an acidic solution and 0.23 V in
an alkaline solution. Besides, it shows superior oxygen
evolution electrocatalysis in alkaline solution with a low
overpotential of 1.69 V at 1000 mA cm™ Besides, it also
exhibits high stability over 120 h against hydrogen evolution at
1000 mA cm™ in both acid and alkaline conditions as well as
long-term stability for 110 h against oxygen evolution in
alkaline solution. In contrast, platinum nanoparticles attached
on the surface of carbon nanotubes (Pt-NPs-attached@CNT)
without Pt—C bonds are also established without acid
treatment and show inferior performance for HER and no
bifunctional OER performance.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. 2.1.1. Preparation of Pt-NPs-
Embedded@CNT. 2.1.1.1. Acid-treated carbon nanotubes.
First, 200 mg of carbon nanotubes was hydrothermally treated
in 30 mL of § M nitric acid at 160 °C for 6 h. After that, the
acid-treated carbon nanotubes were collected by filtration and
washed four times with deionized water to remove residual

nitric acid. Then, the acid-treated carbon nanotubes were
vacuum-dried for 12 h for further use.

2.1.2. Prepared Pt-NPs-Bonded@CNT. Platinum loading on
acid-treated carbon nanotubes occurs through a wet chemical
reaction. H,PtCl,66H,0 (0.02 mmol, 10.358 mg) and acid-
treated carbon nanotubes (40 mg) were dispersed in 40 mL
deionized water and then kept at 90 °C for 24 h with stirring.
After that, the dispersion solution was at 90 °C for 12 h to
evaporate water to get the precursor powder of Pt-NPs-
bonded@CNT. The obtained precursor of Pt-NPs-bonded@
CNT was annealed at 900 °C for 2 h under an argon
atmosphere and cooling naturally.

2.1.3. Prepared the Pt-NPs-Attached@CNT. The Pt-NPs-
attached @CNT was prepared by the same procedure except
that the carbon nanotubes were not treated with acid.

2.2. Electrochemical Measurement. Electrochemical
performance tests of all catalysts were performed on an
electrochemical workstation using a three-electrode system.
The electrolyte used in all tests under alkaline and acidic
conditions was 1.0 M KOH and 0.5 M H,SO, solution,
respectively. When testing the hydrogen evolution reaction, a
graphite electrode was used as the counter electrode, besides,
an Ag/AgCl electrode and Hg/HgO electrode were used as
reference electrodes in acid and alkaline solutions, respectively.
When testing the oxygen evolution reaction under alkaline
conditions, a platinum plate electrode was used as the counter
electrode. The Pt-NPs-bonded@CNT electrode was obtained
by drop-dry mothed. Briefly, S mg of Pt-NPs-bonded@CNT
catalyst was first dispersed in a mixed solution of 50 uL of
Nafion dispersion, 450 uL isopropyl alcohol and 500 yL water.
Afterward, drop 40 uL of Pt-NPs-bonded@CNT dispersion
evenly on the surface of the carbon paper electrode, and then
use it to test the electrochemical performance after natural
drying for 2 h. The Pt—C electrode was prepared using the
same method. Polarization curves were measured by linear
sweep voltammetry (LSV) at a sweep rate of S mV s™'. All
obtained LSV curves were corrected with 100% iR
compensation. All stability measurements were performed
using potentiostat testing at 1000 mA cm™ for over 100 h.
Electrochemical impedance spectroscopy (EIS) was tested in
the frequency range from 10000 to 0.1 Hz with an amplitude
voltage of S mV.

The conversion of the test potential into a potential relative
to a reversible hydrogen electrode (RHE) under acidic
conditions can be calculated by using the Nernst equation:

e =Fag/age+0-198 + 0.0591 X pH

Under alkaline conditions, due to changes in the reference
electrode, the Nernst equation that converts the potential of
the reversible hydrogen electrode is:

Eppp =Epig/nigot0.098 + 0.0591 X pH

The Tafel slope (b) is obtained by linear fitting a plot
derived from the logarithm of current density (j) versus
overpotential (#7) through follow equation:

The electrochemical double layer capacitance (Cy) is
obtained by cyclic voltammetry (CV) measurement at various
scan rates with a voltage of —0.7~—0.9 V versus Epg/p,0-

3. RESULTS AND DISCUSSION

3.1. Phase and Structural Characterizations. Pt-NPs-
bonded@CNT with platinum nanoparticles bonded in carbon
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Figure 2. (a) SEM image of the Pt-NPs-bonded@CNT. (b, c) TEM and HR-TEM of Pt-NPs-bonded@CNT. (d) EDS mapping of Pt-NPs-

bonded@CNT.
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Figure 3. (a) XRD patterns of Pt-NPs-bonded@CNT (red), Pt-NPs-attached@CNTs (blue), acid- treated CNTs (black), and CNT (green). The
XRD standard card data for Pt (JCPDS No. 04—0802) and CNT (JCPDS No. 41—1487) are marked in red and black. (b—d) Pt 4f, C 1s, and O 1s

high resolution of XPS spectra of Pt-NPs-bonded@CNT.

nanotubes was prepared through in situ-growth of platinum
nanoparticles on the surface of carbon nanotubes with defects,
as illustrated in Figure SI. First, defects, which means holes,
oxidative functional groups, such as hydroxyl and carboxyl
groups, were formed on carbon nanotubes surface after
hydrothermal acidification treatment. After that, the defective
carbon nanotubes and platinum source were dispersed in

21380

deionized water, the platinum ions captured by the defect sites
during medium temperature and then evaporation water to get
precursor of Pt-NPs-bonded@CNT. Finally,Pt-NPs-bonded@
CNT precursor was annealed at high temperature to get the
final product. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) measurements are
carried out to authenticate the morphological information on
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Figure 4. HER electrochemical performance measurements in acid. (a) HER LSV curves of Pt-NPs-bonded@CNT, Pt—C, and Pt-NPs-attached@
CNT, and carbon paper in 0.5 M H,SO,. (b) EIS of Pt-NPs-bonded@CNT, Pt—C, and Pt-NPs-attached@CNT in 0.5 M H,SO,. (c) Tafel slope
comparison graph of Pt-NPs-bonded@CNT, Pt—C, and Pt-NPs-attached@CNT. (d) Galvanostatic hydrogen evolution measurement of the Pt-

NPs-bonded@CNT at 1000 mA cm™ in 0.5 M H,SO,.

the Pt-NPs-bonded@CNT. As shown in Figure 2a, the SEM
image shows a smooth carbon nanotube shape after loading
platinum particles on the acid-treated carbon nanotube surface.
TEM and HAADF-STEM images demonstrated that the
platinum nanoparticles are bonded on the surface of the
carbon nanotube and are only a few nanometers in diameter,
which is beneficial to expose more active sites for absorbed
intermediates to enhance electrocatalytic performance (Figures
2b and S$4). Furthermore, the HR-TEM image more clearly
displays the platinum nanoparticles bonded on the surface of
the carbon nanotube and covered by an amorphous carbon
nanolayer (inset of Figure 2c). Figure 2c reveals that the
platinum nanoparticles have a single interplanar spacing of 2.22
A of the Pt (111) facet, which is the slightly shrunken typical
interplanar spacing of 2.27 A of the standard Pt (111) crystal
face.”” This result is also consistent with the Fourier transform
of the platinum lattice and the selective electron area
diffraction (SAED) pattern (Figures SS and S6). Moreover,
energy-dispersive X-ray spectroscopy (EDS) elemental map-
ping confirmed that the bright spots on the carbon nanotubes
were platinum nanoparticles (Figure 2d). The mass loading of
Pt nanoparticles in the nanocomposites is 0.7 wt %, which is
within the appropriate value range for high catalytic perform-
ance in the relevant literature.”® Additionally, the C and the O
elements are uniformly distributed in the Pt-NPs-bonded@
CNT, and the O elements have very little content. In contrast,
the TEM image of Pt-NPs-attached@CNT shows that
platinum nanoparticles are supposed to be only attached on
the surface of carbon nanotubes, and the platinum nano-
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particles exhibit an amorphous structure (Figure S7). The
elemental mapping image also verified the distribution
information on platinum nanoparticles as well as the C and
O elements in Pt-NPs-attached@CNTs.

The crystal structure of Pt-NPs-bonded@CNT is revealed
by X-ray diffraction (XRD) pattern, as present in Figure 3a.
These diffraction peaks can be well matched with metal
platinum (JCPDS No. 04—0802 (Pt)), and no impurity peak,
such as platinum oxide, appears, indicating the formation of
high pure phases of platinum nanoparticles. Nevertheless, all
peaks of platinum are upshifted compared to the standard of
platinum. This result is caused by a slight shrinkage in the
interplanar spacing of the platinum nanoparticle lattice, which
is consistent with the HR-TEM result of the slightly shrunk Pt
(111) facet and the Bragg equation of the XRD calculation
results (0.05 A). Besides, the diffraction peak position (JCPDS
No. 41-1487 (CNT)) of the XRD pattern of the carbon
nanotube after acid treatment is not changed compared to the
pristine carbon nanotube, however, the intensity of the
diffraction peak becomes weaker, which is due to defects
created on the surface of the carbon nanotube.”* It is worth
noting that the peak of Pt-NPs-bonded@CNT at 42.2°
belongs to the (100) peak of CNT because it matches well
with the (100) peak of JCPDS No. 41—1487 (CNT) (Figure
3a). Besides, there is no shift in the position of the platinum
peak of Pt-NPs-attached@CNTs, which further confirms that
the platinum nanoparticles are attached to the surface of CNTs
without any stress, causing slight deformation of the platinum
crystal lattice. As a result, we conclude that the pure platinum

https://doi.org/10.1021/acsomega.4c01662
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Figure 5. HER electrochemical performance measurements in alkaline. (a) HER LSV curves of Pt-NPs-bonded @CNT, Pt-NPs-attached@CNT,
Pt—C, and carbon paper in 1.0 M KOH. (b) Comparison of the overpotential graph of Pt-NPs-bonded@CNT with excellent CNT-based materials
at 50 mA cm™> and 100 mA cm™ (c) Tafel slope compared graph of Pt-NPs-bonded@CNT, Pt—C, and Pt-NPs-attached@CNT. (d)
Galvanostatic hydrogen evolution measurement of the Pt-NPs-bonded@CNT at 1000 mA cm™ in 1.0 M KOH.

nanoparticles bonded on the surface of the carbon nanotube
and the presence of platinum oxides is ruled out.

The chemical state of the surface elements of Pt-NPs-
bonded@CNTs was determined by X-ray photoelectron
spectroscopy (XPS), as shown in Figure 3b—d. The chemical
valence of platinum is detected by the spectrum of Pt 4f, as
displayed in Figure 3b. There are two peaks located at 75.6 and
72.5 €V, which are attributed to the 4f;/, orbital of Pt** and
4f,, orbital of Pt**, respectively.’’ Meanwhile, the peaks that
appeared at 74.8 and 71.5 eV are ascribed to Pt metallic states.
Four peaks appeared at 284.3 eV, 284.8 eV, 286.3 eV, and
289.6 eV in the high-resolution XPS spectrum of C 1s, which is
attributed to Pt—C, C—C/C=C, C—0, and O=C—0 bonds in
carbon nanotubes, respectively (Figure 3c).*>*® The existence
of C—0O and O=C-O bonds found in carbon nanotubes
verified that the surface modification is successful and oxygen-
containing groups are formed on the surface of carbon
nanotubes. Besides, the spectrum of the O 1s is also used to
check the platinum chemical state indirectly. There are only
02 and O4 peaks located at 531.2 and 533.5 eV, which are
related to hydroxyl groups and adsorbed water (Figure 3d).””
However, the O1 peak associated with metal oxides and the
O3 peak belonging to lattice-defective oxygen on the metal
surface are all absent, which can illustrate there are no
platinum oxides existing in Pt-NPs-bonded@CNT.*® This
result demonstrates that divalent platinum is formed by the
formation of chemical bonds between platinum and carbon
(Pt—C) in carbon nanotubes. The metallic state of platinum is
related to the platinum nanoparticles bonded in carbon
nanotubes. In contrast, for Pt-NPs-attached@CNTs, the
chemical valence of platinum shown in the Pt 4f spectrum is
almost that of the Pt metallic state due to the lack of Pt—C
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bond and only a very weak peak of divalent platinum because
the O 1s spectrum shows the presence of oxygen defects in
platinum nanoparticles. In addition, the Pt—C peak at 284.3 eV
in the C 1s spectrum also disappeared, which confirms that the
connection between platinum nanoparticles and CNTSs lacks
Pt—C bonds (Figure S9).

3.2. Electrocatalysis Performance of HER in 0.5 M
H,5S0,. The hydrogen evolution ability of the Pt-NPs-
bonded@CNT electrode under acidic conditions was system-
atically tested, as shown by the linear sweep voltammetry
(LSV) curves in Figure 4a. Compared to Pt—C, Pt-NPs-
attached @CNT, and carbon paper, the Pt-NPs-bonded @CNT
electrode exhibits the best HER performance and reaches
ampere-level current density with a small overpotential. It is
worth noting that the Pt-NPs-bonded@CNT electrode only
requires an overpotential of 27 and 114 mV to reach 100 mA
ecm™ and 500 mA cm™? and even only needs 193 mV to
achieve an ampere-level current density of 1000 mA cm?,
which is significantly outperforming the benchmark electro-
catalyst of Pt—C with an overpotential of 73 mV (#,y,), 181
mV  (7s00), and 234 mV (7;900)- In addition, its HER
performance also exceeds that of Pt-NPs-attached@CNTs
without acid treatment, which is 200 mV (77,00), 275 mV
(s00), and 324 mV (7,000)- The substrate of carbon paper
shows a negligible ability for hydrogen evolution. The resulting
low overpotential of Pt-NPs-bonded @CNT is attributed to the
platinum nanoparticle bonded in the carbon nanotube with
Pt—C bond, resulting in an efficiently reduced electron transfer
energy barrier, and highly dispersed platinum nanoparticles
providing more adsorption active sites for hydrogen radicals.
Electrochemical impedance spectroscopy (EIS) of Pt-NPs-
bonded@CNT, Pt-NPs-attached@CNT and Pt—C reveals the
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Figure 6. OER Electrochemical performance measurements in alkaline. (a) OER LSV curves of Pt-NPs-bonded@CNT, RuO,, and Pt-NPs-
attached @CNT, and carbon paper in 1.0 M KOH. (b) Comparison of the overpotential graph of Pt-NPs-bonded@CNT with excellent CNT-based
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Galvanostatic oxygen evolution measurement of the Pt-NPs-bonded@CNT at 1000 mA cm ™ in 1.0 M KOH.

electron transfer energy barrier corresponding to the charge
transfer properties, as displayed in Figure 4b. In the Nyquist
plots, the Nyquist semicircle diameter represents the charge
transfer resistance (R). The Pt-NPs-bonded@CNT exhibits
the lowest charge transfer resistance (R,) compared with Pt-
NPs-attached@CNT and Pt—C, which means that the Pt-NPs-
bonded@CNT has faster electron transfer properties, thereby
accelerating water splitting.””* Tafel slope is usually used as
an indicator of hydrogen evolution ability. In Figure 4c, the
Tafel slopes are illustrated based on the corresponding LSV
curves shown in Figure 4a. The Pt-NPs-bonded@CNT
exhibits the smallest Tafel slope value of 11.65 mV dec™’,
which is much smaller than the 50.1 mV dec™ of Pt—C and
13.0 mV dec™ of Pt-NPs-attached@CNT. The results prove
that the HER process is dominated by the Volmer—Tafel route
rather than the Volmer-Heyrovsky route, which is conducive to
the rapid combination of hydrogen radicals to form hydrogen
gas."! More importantly, a galvanostatic measurement of
ampere-level current density catalytic hydrogen evolution
stability was applied to demonstrate that the electrode can
meet the requirements for electrocatalytic hydrogen evolution
even at ampere-level currents required in industry. As a result,
the Pt-NPs-bonded@CNT electrode can achieve long-term
stability of hydrogen evolution at 1000 mA cm™ for 125 h
without obvious attenuation, which proves that the platinum
nanoparticles bonded in the carbon nanotube maintain
excellent durability even after high current density hydrogen
evolution testing (Figure 4d).
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3.3. Electrocatalysis Performance of HER in 1.0 M
KOH. Compared with the hydrogen evolution reaction under
acidic conditions, the catalyst usually exhibits poor hydrogen
evolution performance under alkaline conditions due to a lack
of protons. Surprisingly, the Pt-NPs-bonded@CNT also had
outstanding hydrogen evolution performance in 1.0 M KOH,
as presented in Figure Sa. The Pt-NPs-bonded@CNT
electrode shows an obviously brilliant HER performance
compared to Pt—C and Pt-NPs-attached@CNT. The meas-
ured overpotential corresponding to 100 mA cm™2 is 78, 195,
and 307 mV for Pt-NPs-bonded@CNT, Pt—C and Pt-NPs-
attached @CNT, respectively. Even at ampere-level current
density, it only requires an overpotential of 232 mV, which is
significantly better than the 524 mV of Pt—C and 588 mV of
Pt-NPs-attached@CNT. The superb low overpotential results
obtained at various current densities are better than most
previously reported literature reports of splendid CNT-based
catalysts, including platinum-modified carbon nanotube
catalysts (Figure Sb). The Tafel slope also shows that the
Pt-NPs-bonded@CNT has a much smaller value of 28.6 mV
dec™' compared with 44.8 mV dec™' of Pt—C and 90.0 mV
dec™! of Pt-NPs-attached@CNT, which corresponds to the
rapid water splitting ability in alkaline solution (Figure Sc).
Furthermore, an ampere-level current of 1000 mA cm™> was
applied to evaluate the durability of the electrode, which
maintained stable operation for 128 h with negligible
attenuation (Figure Sd). These results indicate that Pt-NPs-
bonded@CNTs with a strong Pt—C bond achieve an excellent
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hydrogen evolution capability even under alkaline conditions
and outstanding stability even at industrial-level current
densities.

3.4. Electrocatalysis Performance of OER in 1.0 M
KOH. Platinum-based catalysts are rarely used for prominent
oxygen evolution, even though they are a critical part of anion
exchange membrane water electrolyzers. Unlike traditional
platinum-based materials, which are only used for efficient
hydrogen evolution, the Pt-NPs-bonded@CNT also exhibits
an excellent oxygen evolution performance in alkaline
solutions. As illustrated in Figure 6a, the LSV curve shows
that the Pt-NPs-bonded @CNT electrode has the best oxygen
evolution capability with the lowest overpotential of 1.54 and
1.69 V at 100 mA cm™ and 1000 mA cm™> and its
performance is significantly better than that of commercial
RuO,. The oxygen evolution capabilities of Pt-NPs-attached@
CNTs and carbon paper can be ignored because the platinum
nanoparticles attach on the surface of carbon paper do not
exhibit strong interactions between the platinum active sites
and carbon nanotube substrates. On the contrary, the excellent
OER performance of Pt-NPs-bonded@CNT can be ascribed
to the strong Pt—C bond regulating the activity of platinum
nanoparticles through the strong interaction of metal-substrate
and afford stabilizing nanoparticles bonded in carbon nano-
tubes. The superb low overpotential for oxygen evolution
results obtained at various current densities are better than
most previously reported literature of splendid CNT-based
electrocatalysts (Figure 6b). Moreover, the low overpotential
corresponds to the rapid water splitting ability, also according
to the low Tafel slope value of 66.0 mV dec™ of Pt-NPs-
bonded@CNT, and the RuO, shows a Tafel slope value of 115
mV dec™! (Figure 6¢).*”* In order to further demonstrate the
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potential for practical applications, its oxygen evolution
stability under an ampere-level current has also been
systematically tested. There is no obvious attenuation of the
overpotential after 110 h of stable operation, which also
confirms that the platinum nanoparticles bonded in carbon
nanotubes remain remarkably stable during oxygen evolution
at ampere-scale current density (Figure 6d). Compared with
Pt-NPs-bonded@CNTs, the HER/OER performance of Pt-
NPs-bonded @CNTs annealed at 600 °C is poor (Figure S10).

3.5. Electrochemical Performance Measurements
Normalized by ECSA. In order to identify the inherently
high catalytic activity of Pt-NPs-bonded@CNT, the electro-
chemically active surface areas (ECSAs) of different catalysts
were analyzed and estimated through a series of cyclic
voltammetry (CV) tests.** The electrochemical active surface
area affects the catalyst activity, because it reflects the active
area of the catalyst participating in the reaction. It can be
determined by ECSA = C4/C, where Cg is a double-layer
capacitance and C; is the specific capacitance of the sample.*’
In this work, C; = 0.04 mF cm™2 was used as the value for the
general specific capacitance based on commonly reported
values.”® The CV curves of Pt-NPs-bonded @CNT, Pt—C, and
Pt-NPs-attached@CNT under different scan speeds are shown
in Figure S11—13. As a result, the Cg becomes an index of the
electrochemically active area of the material, as shown in
Figure 7a. The Cg is obtained by fitting AJ (half of the
oxidation and reduction current density) values with different
scan speeds of 10, 20, 30, 40, 50, and 60 mV s~
Consequently, the Cy of the Pt-NPs-bonded@CNT electrode
exhibits a significantly higher ECSA value of 7.9 mF cm ™ than
Pt-NPs-attached@CNT of 5.2 mF cm? and the ECSA of Pt—
C is 14.8 mF cm™>. Carefully calculated, the electrochemically
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active surface area of Pt-NPs-bonded@CNT is 197.5 cm?,
which is significantly larger than the 130 cm® of Pt-NPs-
attached @CNT, and the electrochemically active surface area
of Pt—C is 370 cm®. The normalization of THE polarization
curves by ECSA further indicates that Pt-NPs-bonded@CNT
possesses high intrinsic catalytic activity toward the HER and
the OER compared with Pt-NPs-attached@CNT and Pt—C, as
revealed in Figure 7b—d. This result further demonstrated that
platinum nanoparticles anchored on carbon nanotubes with
Pt—C bonds possess excellent instinct electrocatalytic activity
for hydrogen evolution in acid and alkaline conditions, as well
as oxygen evolution ability in alkaline solutions.

4. CONCLUSIONS

Platinum nanoparticles bonded in carbon nanotubes (Pt-NPs-
bonded@CNT) with strong Pt—C bonds are successfully
established toward ultralow overpotential water splitting ability
in alkaline solution with an ampere-level current density. The
strong Pt—C bond between Pt nanoparticles and highly
conductive carbon nanotubes, can reduce the electron transfer
energy barrier and accelerate electron transmission. In
addition, platinum nanoparticles bonded in carbon nanotubes
can provide more stable active sites. As a result, the Pt-NPs-
bonded@CNT electrocatalyst displays distinguished ampere-
level electrocatalytic all-water splitting ability in alkaline
solution. It exhibits excellent hydrogen evolution in acid and
alkaline solutions with ultralow overpotentials of 0.19 and 0.23
V at 1000 mA cm™?, respectively. Besides, it shows superior
ampere-level oxygen evolution electrocatalysis in alkaline
solution with low overpotential of 1.69 V at 1000 mA cm ™.
Moreover, it exhibits high stability over 120 h against hydrogen
evolution at 1000 mA cm™ in both acidic and alkaline
conditions and long-term stability for 110 h against oxygen
evolution in an alkaline solution. It also provides a new strategy
for synthesizing new efficient catalysts, otherwise structural
optimization for industrial catalytic hydrogen and oxygen
evolution.
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