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Herein, we construct a composite material of Pt-NPs@NPCNs-Co
by anchoring Pt nanoparticles (Pt NPs) and Co-salen covalent
organic polymer (Co-COP) onto N, P co-doped carbon nanotubes
(NPCNs), thereby offering an integrated approach to enhance H,O
dissociation. The bimetallic catalyst Pt-NPs@NPCNs—Co demon-
strates exceptional HER performance, and the overpotential at
40 mA cm~2 is lower than that of 20% Pt/C. When the overpotential
is 50 mV, the mass activity of Pt-NPs@NPCNs—Co is 2.8 times that
of the commercial Pt/C catalyst. Experimental results reveal that
the synergistic interplay between Pt NPs and Co contributes to the
excellent electrocatalytic performance observed. Density function
theory calculations found that Co effectively modulates the elec-
tronic structure of Pt NPs and lowers the activation energy of the
Volmer step, thereby accelerating the water dissociation kinetics of
Pt NPs. This research contributes to the advancement of knowledge
regarding the development of more efficient bimetallic co-catalytic
electrocatalysts in alkaline media.

The hydrogen evolution reaction (HER) activity of Pt-based
catalysts under alkaline conditions is approximately two orders
of magnitude lower than that under acidic conditions due to
the high activation barrier of H,O dissociation (Volmer step:
H,0+e — H*+ OH )."? To address this challenge, extensive
efforts have been made to develop efficient and stable
electrocatalysts.’® The introduction of a second metal compo-
nent into Pt-based catalysts has been found to enhance the HER
activity.”™® For instance, Markovic et al'® to used Ni(OH),
clusters on Pt electrodes speed up water dissociation and
hydrogen intermediate generation, while Yan et al'® used
oxygen-rich MgO nanosheets to create an acid-like environment,
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improving the HER kinetics of Pt NPs and reducing the over-
potential. These studies point to a brand-new strategy for boost-
ing the performance of Pt-based catalysts in alkaline conditions.

Understanding the interaction between non-platinum co-
catalysts and platinum in HER is vital, especially when the added
metal alters the interfacial structure. Unveiling this could improve
HER performance by leveraging charge polarization or swift
electron transport in dual-component materials."”'> A more in-
depth consideration of the synergistic mechanism for the
assembled components should be given, particularly with regard
to specific coordination structures.'®'” One-dimensional (1D)
polymer structures in coordination chemistry have gained interest
for their ability to elucidate the role of non-platinum atomic co-
catalysts."® When stacked orderly, they provide more exposed edge
sites, enhancing substance transport and enabling the study of
synergistic mechanisms.'®>*

In this work, we introduce a hybrid platinum-based catalyst,
called Pt-NPs@NPCNs-Co, aimed at improving HER activity
and catalyst stability. The three-step synthesis process com-
bines a platinum-bimetallic system with carbon nanotubes
(CNTs). Small Pt NPs (about 3 nm) are evenly distributed on
the NPCNs-Co surface, primarily exposing the (111) face. The
Pt-NPs@NPCNs-Co shows better HER performance in a 1 M
KOH solution than 20% Pt/C, with a lower overpotential at
40 mA cm > The mass activity at 50 mV overpotential is
2.8 times higher than that of commercial Pt/C catalysts. This
research offers valuable insights for creating efficient platinum-
bimetallic systems for the alkaline HER.

The Pt-NPs@NPCNs-Co composite preparation is outlined in
Scheme 1. Initially, the NPCN precursor is produced by mixing
melamine and phosphoric acid, which interact with the carboxyl
group (-COOH) of functionalized carbon nanotubes via hydrogen
bonding.** A Schiff base reaction was carried out to adhere the Co-
COP to the surface of the NPCNs, which yielded the intermediate
NPCNs-Co. Thereafter, we synthesized Pt-NPS@NPCNs-Co using
thermal reduction to deposit Pt NPs on the NPCNs-Co. As shown
in Fig. 1a, the main diffraction peaks of NPCNs were maintained

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 The synthetic procedure of Pt-NPs@NPCNs-Co.

in NPCNs-Co, Pt-NPs@NPCNs and Pt-NPs@NPCNs-Co, proving
that the structure underwent no changes during the preparation
process. The diffraction peaks at 39.8°, 46.3° and 67.5° belong to
the (111), (200) and (220) planes of Pt NPs (PDF: No. 04-0802),
indicating that Pt NPs were successfully anchored to the surface
of the NPCNs-Co.>*® The Fourier transform infrared spectro-
scopy (FT-IR) spectrum of Pt-NPS@NPCNs-Co (Fig. 1b) shows a
characteristic absorption peak at around 1625 cm ™', which
corresponds to the C=N stretching vibration band.”® The
absence of the characteristic C=O stretching vibration band
at 1660 cm™" of 4,4’-dihydroxy-3,3’-diformylbiphenyl (DHFP)
further proved that DHFP and 2,2-dimethyl-1,3-propanediamine
were successful polycondensated.

The transmission electron microscopy (TEM) image of
the NPCNs—-Co showed a thin layer of Co-COP adhered to the
surface of NPCNS (Fig. S1, ESIf). The high-resolution TEM
(HRTEM) image displayed that Pt NPs with an average size of
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Fig. 1 (a) XRD spectra of Pt-NPs@NPCNs—Co, Pt-NPs@NPCNs, NPCNs—
Co and pristine NPCNS. (b) FT-IR spectra of the corresponding samples of
Pt-NPs@NPCNs—-Co, Pt-NPs@NPCNs and NPCNs—-Co. High-resolution
XPS spectra of (c) Pt 4f, (d) Co 2p. (¢) and (f) HRTEM image of Pt-
NPs@NPCNs-Co.
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3 nm are uniformly distributed on the NPCNs-Co and NPCNS
(Fig. 1e, f and Fig. S2, ESIt). The averaged lattice spacings of Pt
NPs were 0.22 nm, which is consistent with the lattice plane
(111) of the face-centered-cubic (fcc) phase of Pt.*” The content
of Pt in Pt-NPS@NPCNs-Co and Pt-NPs@NPCNs was detected
by inductively coupled plasma mass spectrometry (ICP-MS).
The results showed approximately 3.25% and 4.23% of Pt in Pt-
NPs@NPCNs-Co and Pt-NPs@NPCNs, respectively (Table S1,
ESIT). Furthermore, elemental mapping by energy-dispersive
X-ray spectroscopy (EDS) revealed the homogenous dispersion
of Pt, Co, and P on the Pt-NPs@NPCNs-Co (Fig. S3, ESIT). In
order to verify the value of Pt and Co in Pt-NPs@NPCNs-Co,
X-ray photoelectron spectroscopy (XPS) analysis was performed
to probe the near-surface elemental composition and the
chemical states. The high-resolution Pt 4f XPS spectrum of
Pt-NPs@NPCNs-Co reveals two peaks, Pt 4f,, and Pt 4fs),
which can be deconvoluted into two peaks (Fig. 1c). Binding
energies of 71.6 and 74.8 eV are assigned to Pt 4f;,, and Pt 4f5/,
of Pt-NPs@NPCNs-Co and Pt-NPs@NPCNs, which are ascribed
to Pt° in Pt NPs. In addition, peaks at a binding energy of about
73.3 eV and 76.6 eV were attributed to Pt** species, which were a
result of single Pt atoms linked to the N and C atoms.* The
peaks of Pt species in Pt-NPs@NPCNs-Co were negatively
shifted 0.1 eV when compared to those in Pt-NPs@NPCNs,
confirming electronic interaction by charge transfer from the
NPCNs-Co substrate to the Pt sites, which leads to high HER
performance.>*® The peak-fitting analysis of the Co 2p XPS
spectra of Pt-NPs@NPCNs-Co and NPCNs-Co is shown in
Fig. 1d. The peaks of 781.6 and 796.5 €V are attributed to the
binding energy of Co 2ps, and Co 2py, of Co>", respectively.
Besides, there are two satellite peaks of Co 2p;,, and Co 2p,,, of
Co*" at 785.8 and 803.4 eV.** Comparison with NPCNs-Co
showed that the peak location of Co 2p;, and Co 2py, in
Pt-NPs@NPCNs-Co had shifted positively by 0.1 eV, which
corresponded to the binding energy negative shift of Pt°. This
indicates the transfer of electrons from Co to Pt NPs in
Pt-NPs@NPCNs-Co.

In the N 1s XPS spectrum of Pt-NPs@NPCNs-Co shown in
Fig. S4 (ESIf), the peaks at binding energies of 399.6, 400.4,
401.4 and 404.0 eV were ascribed to pyridinic N, pyrrolic N,
graphitic N and oxidized N, respectively.* It is worth noting
that the peak at 399.6 eV was assigned to pyridinic N, which
confirmed that the N element was successfully doped into the
carbon nanotube skeleton.’° Furthermore, NPCNs-Co and
Pt-NPs@NPCNs-Co displayed peaks at ~398.7 eV in their N 1s
spectra (Fig. S5, ESIT), indicating the presence of Co-N coordi-
nation. In contrast, Pt-NPS@NPCNs did not exhibit such peaks
(Fig. S6, ESIt), confirming the absence of Co-N coordination in
that case. Hence, it was demonstrated that DHFP-Co polymer-
ized successfully on the surface of NPCNS. As shown in Fig. S4
(ESIY), the deconvoluted O 1s XPS spectra of Pt-NPs@NPCNs-Co,
displayed four peaks with binding energies of about 531.1, 531.8,
532.7 and 533.6 eV, corresponding to Co-O, C=0, C-OH and
C-0, respectively.’! Pt-NPs@NPCNs-Co showed excellent ther-
mal stability (Fig. S7, ESIT) and had a similar surface area and
pore size to Pt-NPs@NPCNs (Fig. S8, ESIT).
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Fig. 2 Electrocatalytic HER activity characterization of the prepared
samples. (a) LSV curves, (b) Tafel plots, (c) Nyquist plots, (d) TOF curves
converted according to LSV, (e) specific activity and mass activity at an
overpotential of 50 mV, (f) chronoamperometric curves of Pt-NPs@
NPCNs—-Co and 20% Pt/C at a current density of 100 mA cm ™2,

The HER performance of the catalysts was tested in an N,-
saturated 1.0 M KOH solution at room temperature, using a
three-electrode setup with a glassy carbon electrode (GC) as the
working electrode. Both single metal catalysts NPCNs—-Co and
Pt-NPs@NPCNs exhibited weak HER activity at current densities of
10 mA cm ™ > with overpotential of 467 mV and 259 mV, respectively.
In contrast, the introduction of Co into Pt-NPs@NPCNs signifi-
cantly enhanced their HER activity, requiring only an overpotential
of 182 mV to drive the same current density, which was lower than
that of the single metal catalyst of NPCNs-Co and Pt-NPs@NPCNSs.
Commercial 20% Pt/C was also evaluated under the same condi-
tions and the linear sweep voltammetry (LSV) curves (Fig. 2a)
illustrated that it had superior HER activity at low potential, with
an overpotential of 116 mV at 10 mA em >, albeit higher than
te previously reported value due to the loading mass of catalyst
on GC being 0.057 mg cm 2> At 40 mA cm™ >, the HER activity of
Pt-NPs@NPCNs-Co even exceeded that of commercial 20% Pt/C.
These findings suggest that the coordination of Co within Pt-
NPs@NPCNs-Co synergistically enhances their catalytic activity,
contributing to the observed improvements in HER performance.

To further evaluate the HER kinetics and catalytic efficiency
of the electrocatalysts, we plotted the Tafel slope analysis by
linear fitting of the polarization curves. As shown in Fig. 2b, the
Tafel slope measured for Pt-NPS@NPCNs-Co (99 mV dec ') is
much lower compared to that of Pt-NPsS@NPCNs (197 mV dec )
and NPCNs-Co (121 mV dec ') in 1 M KOH electrolyte, and
slightly higher than the Tafel slope of the commercial 20% Pt/C
(56 mV dec™"). These results suggest that Pt-NPs@NPCNs-Co
follows the Volmer-Heyrovsky mechanism for the HER. Moreover,
the rate-determining step (RDS) was determined as the desorption
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of dissociated adsorbed hydrogen (H*) from the catalyst surface
combined with an electron and water to form a hydrogen mole-
cule (Cat-H* + H,O + e — H, + OH + Cat). Notably, the RDS
of NPCNs-Co and Pt-NPs@NPCNs is the Volmer step where
H,O dissociates into H* on the surface of the catalyst (H,O + e~
+ Cat — Cat-H* + OH ). Therefore, these results confirm that
Pt-NPs@NPCNs-Co possesses favorable catalytic kinetics towards
the HER.**™

The intrinsic HER activity of the electrocatalysts was inves-
tigated using electrochemical surface area (ECSA) analysis and
electrochemical impedance spectroscopy (EIS). The Cg4; values
of Pt-NPs@NPCNs-Co were estimated to be 1.29 mF cm > (Fig.
S9, ESI%), slightly larger than Pt-NPs@NPCNs (1.10 mF cm™?)
and NPCNs-Co (0.84 mF cm™?), but lower than commercial
20% Pt/C (4.61 mF cm ™), suggesting that Pt-NPs@NPCNs-Co
has more exposed active sites than the other catalyst, except
20% Pt/C. EIS analysis revealed that Pt-NPs@NPCNs-Co has
faster electron/proton transfer at the electrocatalyst/electrolyte
interface, with a lower R, (172.5 Q) than Pt-NPs@NPCNs
(250.6 Q) and NPCNs-Co (11681 Q) (Fig. 2c and Table S2, ESIt).
The turnover frequency (TOF) values were calculated assuming
that all atomic sites are catalytically active.*® As shown in
Fig. 2d, the TOF of Pt-NPs@NPCNs-Co is one order of magni-
tude larger than the control catalysts, roughly 3 and 6 times
higher than that of Pt-NPs@NPCNs and 20% Pt/C, respectively.
Additionally, the specific activity and mass activity were calcu-
lated as important indices for estimating the HER catalytic per-
formance of noble metals. As displayed in Fig. 2e, at an over-
potential of 50 mV, the specific activities of Pt-NPs@NPCNs-Co, Pt-
NPs@NPCNs and 20% Pt/C are 10.3, 7.2 and 3.7 A cm™ > mgp ',
respectively. It was also observed that the Pt-NPs@NPCNs-Co
catalyst has a higher mass activity than Pt-NPs@NPCNs and 20%
Pt/C; the mass activities of Pt-NPs@NPCNs-Co, Pt-NPs@NPCNs
and 20% Pt/C are 0.72, 0.50 and 0.26 A mgpfi, respectively. These
results suggest that the P6tNPS@NPCNs-Co has higher Pt utiliza-
tion than commercial 20% Pt/C. Electrocatalytic stability is another
criterion for evaluating an electrocatalyst. According to Fig. S10
(ESIT) and Fig. 2f, the cyclic voltammetry (CV) and chronopotentio-
metry tests indicated that Pt-NPs@NPCNs-Co displayed the best
long term durability and higher HER activity than the other
catalysts. The LSV curve of PtNPs@NPCNs-Co displayed a negative
shift after 3000 cycles compared with the initial curve in 1.0 M
KOH. The chronopotentiometry test of the Pt-NPs@NPCNs-Co
remains nearly unchanged after 25 h conducted at the current
density of 100 mA cm ™ (Fig. 2f). PtNPs@NPCNs-Co showed little
change after the HER tests (Fig. S11, ESIY), indicating their stability.
ICP-MS analysis (Table S3, ESIt) confirmed the absence of metal
ions in the electrolyte after the HER tests.

Based on DFT calculations using atomic models of Pt (111)
and Pt (111)-Co electrocatalysts (Fig. S12 and S13, ESI¥), our
investigation has revealed that electron transfer from Co to Pt
through the skeleton results in the formation of an electron
depletion region around Co-COP alongside an electron accu-
mulation region around the Pt surface, as illustrated in Fig. 3a.
This electron transfer process is responsible for promoting
intermediate adsorption, thereby leading to a higher level of

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Charge-density difference plot of Pt (111)-Co. Atom color: C
brown, Co blue, N violet, O red and Pt silver. Yellow and cyan iso-surface
represents electron accumulation and electron depletion. (b) Energy
profile of water dissociation on the Pt (111) (black), Pt (111)-Co (Co) (blue)
and Pt (111)-Co (Pt) (red).

stability during the HER process. Our experimental findings
have provided further insights indicating that water dissociation
is the RDS for Pt-NPs@NPCNs, which is further accelerated by
Co-COP, with both Pt and Co atoms competing for water
adsorption. Fig. 3b shows that the theoretical Gibbs free energy
to adsorb water on the Pt atoms in the Pt (111)-Co catalyst is
exoergic (—0.19 eV, Pt (111)-Co (Pt)), which is less than that
adsorbed on the Co atoms (0.18 eV, Pt (111)-Co (Co)) and Pt (111)
(0.17 eV). Notably, the water dissociation energy barrier of
Pt (111)-Co (Co) (0.37 eV) is lower than that of Pt (111)-Co (Pt)
(0.38 eV) and Pt (111) (0.59 eV), but the activation energy of the
Volmer step in Pt (111)-Co (Pt) (0.38 eV) is much lower than Pt
(111)-Co (Co) (0.55 eV) and Pt (111) (0.76 €V). Therefore, the Co-
COP primarily stems the electron structure of the Pt NPs and
improves the water dissociation step of the electrocatalyst.

In summary, we present a novel bimetallic catalyst Pt-NPs@
NPCNs-Co, with improved HER activity and stability. Its design
involves a three-step process resulting in Pt NPs dispersed
uniformly on the NPCNs-Co surface. This catalyst, in 1 M KOH
solution, shows better performance than 20% Pt/C at low Pt
loading, demonstrating enhanced efficiency through a synergistic
interaction with Co. The study offers a path for designing more
effective bimetallic catalysts for alkaline HER.
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