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Developing electrocatalysts with high activity toward the hydrogen evolution reaction (HER) is a prerequisite
for hydrogen fuel generation and sustainable development, but current Pt-based catalysts usually suffer
from high cost and unsatisfactory performance in non-acidic media. In this work, we report an
environmentally friendly and pyrolysis-free synthesis strategy to prepare an efficient catalyst, CNT-NPA-
PtRu, with Pt single-atom engineered sub-nanometric Ru clusters anchored at phytic acid-modified
carbon nanotubes for electrochemical HER at all pH conditions. The electronic structure of active sub-
nanometric Ru clusters was optimized, which further enhanced the HER activity. The synthesized CNT-
NPA-PtRu catalyst presents superior performance, reaching the current density of 10 mA cm™2 with only
18.3, 18.7 and 15 mV overpotential in alkaline, acidic and neutral electrolyte, respectively. Experimental

results and theoretical calculations reveal that the single Pt atom on the sub-nanometric Ru cluster
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Accepted 11th May 2024 surface could modulate the electronic structure of Ru and subsequently optimize the adsorption of
reaction intermediates, thus promoting HER performance. These findings underscore the importance of

DOI: 10.1039/d4sc00182f engineering the electronic structure of sub-nanometric clusters and offer an effective approach for the
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Introduction

Electrochemical water splitting to produce clean hydrogen (H.,),
powered by renewable solar and wind energy, has been
considered as a sustainable and environment-friendly strategy,
which may replace the carbon-based fossil fuel energy system.">
Currently, highly efficient electrocatalysts to accelerate reaction
kinetics for the hydrogen evolution reaction (HER) play a crucial
role in promoting this significant energy conversion
technology.>”* The most commonly accepted effective catalysts
for the HER are Pt-based catalysts, but material scarcity and
unsatisfactory performance in non-acidic media limit their
large-scale applications.®® Therefore, a lot of efforts to lower the
amount of Pt or replace Pt with other earth-abundant materials
have been made.®** Ru-based catalysts have attracted intensive
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generation of high-performance electrocatalysts for HER.

interest as ideal alternatives to Pt-based catalysts due to their
intriguing electrocatalytic performance and lower costs.'>'*
Especially, the dispersion of active Ru nanoparticles (NPs) or Ru
single atoms (SAs) on supports have been widely developed as
promising electrocatalysts for HER, such as Ru@Ni-MOF,
Ru;CoP/CDs, and Ru SAs@PN.**2°

Although extensive studies have been made, most current
Ru-based electrocatalysts still have some significant limitations.
For example, many Ru-based electrocatalysts rely on high-
temperature pyrolysis, which is very energy-intensive and has
high equipment requirements. Meanwhile, some indeterminate
structures and unpredictable active sites are formed inevitably
under high temperature, which seriously hamper the elucida-
tion of their nature during electrocatalysis.”* Besides, the strong
interaction between Ru and H reduces the efficiency of H,
desorption, especially slowing the HER kinetics in acid elec-
trolyte.”” Furthermore, due to the high surface energy of Ru
atoms and weak interaction between metal Ru and supports,
isolated Ru atoms tend to aggregate spontaneously or fall off
from the supports, which not only reduces catalyst efficiency
but also deactivates the electrocatalysts.” Therefore, a rational
and pyrolysis-free strategy to generate the Ru-based electro-
catalysts with high pH-universal activity and stability is highly
desirable but challenging.
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Obviously, the composition, structure, synthetic method,
dimension of active metal species, as well as the supports are
very crucial in the construction of the electrocatalysts.>*>® With
these factors controlled properly, the activity and stability of the
catalysts in the HER process can be effectively improved. Sub-
nanometric metal clusters consist of only several to tens of
metal atoms, and they possess a size dimension between metal
SAs and NPs.”” Due to the confinement of the electrons of metal
atoms in molecular dimensions and discrete energy levels, sub-
nanometric metal clusters have demonstrated unique elec-
tronic structures and chemical features distinctive from SAs and
NPs.”*3° Due to such novel properties, enhanced catalytic
activities of the sub-nanometric metal clusters have been found
in many important reactions.**** For instance, He's group
developed the sub-nanometric Cu clusters in the size of
~1.0 nm supported on a defect-rich carbon with abundant
micropores. The obtained sub-nanometric Cu clusters possess
high activity and selectivity for the electrochemical reduction of
CO, towards CH,.* Yu and coworkers developed a ligand-
protected direct hydrogen reduction method for encapsulating
sub-nanometric bimetallic Pt-Zn clusters inside S-1 zeolite for
propane dehydrogenation.*® Recently, the sub-nanometric Ru
clusters were also investigated as catalysts for the HER, showing
enhanced catalytic activity as compared with Ru NP cata-
lysts.*”** Although there have been encouraging findings, sub-
nanometric cluster catalysts for electrochemical HER are still
in their infancy, especially the limited performance at all pH
conditions, which requires further investigation.

In this paper, we developed an extremely facile and pyrolysis-
free self-assembly synthesis strategy to prepare an efficient
catalyst with atomic Pt-modified sub-nanometric Ru clusters
anchored at phytic acid (PA)-modified carbon nanotubes (CNT)
for all-pH HER. The synthesized CNT-NPA-PtRu catalyst pres-
ents superior HER performance with very small overpotentials
of 18.3, 18.7, and 15 mV at 10 mA cm 2 in 1 M KOH, 0.5 M
H,SO,, and 1 M PBS, respectively, which are superior to those of
commercial Pt/C as well as most Pt-based and Ru-based cata-
lysts. Meanwhile, the mass activity of the CNT-NPA-PtRu cata-
lyst is about 6.6 and 2.6 times better than that of commercial Pt/
C catalysts in 1 M KOH and 0.5 M H,SO, at the overpotential of
100 mV, and the CNT-NPA-PtRu catalyst also exhibits good
stability and regenerative property. Based on a thorough elec-
tronic structure testing and analysis and theoretical calcula-
tions at the atomic level, the remarkably high HER activity of the
CNT-NPA-PtRu catalyst can be explained by the introduction of
Pt SAs on the sub-nanometric Ru clusters, which could engineer
the electronic structure of Ru clusters and further optimize the
binding energies of intermediates. Moreover, the pyrolysis-free
synthesis strategy ensured the formation of well-defined active
sites, and the synergistic effect due to the strong electronic
coupling between PA groups and sub-nanometric metal clusters
is not only conducive to optimizing the electronic structure of
the sub-nanometric metal clusters but also facilitates the
stabilization and dispersion of the metal species, which
undoubtedly contributes to the compelling electrocatalytic
activity and stability.
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Results and discussion

Synthesis and characterization

The procedures to synthesize the CNT-NPA-PtRu catalyst are
shown in Scheme 1. First, to obtain CNT-NPA, pristine CNT-NH,
was modified by functional PA via chemical reaction. Subse-
quently, Pt** ions and Ru®" ions are trapped by CNT-NPA
because of the strong bonding effect between PA and metal
cations.**** Finally, atomic Pt-modified sub-nanometric Ru
clusters were uniformly assembled on CNT-NPA under mild
conditions and denoted as CNT-NPA-PtRu.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were performed to investigate the
morphology of CNT-NPA-PtRu (Fig. S1 and S2t). As shown in
Fig. 1a and b, TEM images reveal that the formed sub-
nanometric PtRu clusters are uniformly loaded on CNT-NPA,
and no obvious NPs are observed. To further elucidate the
sub-nanometric PtRu clusters,
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) was con-
ducted. As shown in Fig. 1c¢, numerous sub-nanometric clusters
with an average size of about 1.1 nm are found homogeneously
dispersed on the CNT support. Furthermore, HAADF-STEM was
employed to examine the embedding of Pt SAs in the sub-
nanometric Ru clusters. As the brightness levels of Pt and Ru
atoms are different, the atomically dispersed Pt atoms on the Ru
sub-nanometric clusters can be clearly observed (Fig. 1d, red
circles).**> A typical HAADF-STEM image of an individual sub-
nanometric PtRu cluster is also shown to highlight the
embedded Pt atoms (Fig. 1d inside). In addition, energy-
dispersive X-ray spectrum (EDS) elemental mapping of the
CNT-NPA-PtRu catalyst further presents that N, O, P, Ru and Pt
elements are evenly distributed throughout the structure
(Fig. 1e). Because of this high dispersion of metals, no crystal-
lized Pt phase or Ru phase can be observed in the XRD spectrum
of CNT-NPA-PtRu (Fig. S31).

X-ray photoelectron spectroscopy (XPS) was conducted to
analyze the detailed elemental composition and electronic
structure. The XPS survey spectrum further confirmed the
presence of C, N, O, P, Ru and Pt elements (Fig. S471). The high-
resolution spectrum of Ru 3p shows peaks at 464.2 and 486.5 eV
corresponding to 3ps, and 3p;, of Ru’ (Fig. 2a). Two peaks,
located at 466.0 and 488.3 eV, are characteristic of 3p3/, and 3p,
, of Ru*". Compared to the contrast sample, CNT-NPA-Ru, the

detailed structure of the

" CNT-NPA *" CNT-NPA-PtRu-i

Scheme 1 Schematic presentation of the synthesis process for CNT-
NPA-PtRu.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a and b) TEM images of CNT-NPA-PtRu; (c) HAADF-STEM
image of CNT-NPA-PtRu, and the inset is the corresponding size
distribution of sub-nanometric PtRu clusters; (d) atomic-resolution
HAADF-STEM image; the inset image derives from an individual sub-
nanometric PtRu cluster, and Pt single atoms are marked by red
arrows; (e) EDS maps of different elements in CNT-NPA-PtRu.

CNT-NPA-PtRu catalyst shows that the proportion of Ru**
decreases with the addition of Pt atoms. The Pt 4f XPS spectrum
of CNT-NPA-PtRu in Fig. 2b shows two peaks at 76.01 eV and
72.72 eV, which are assigned to Pt 4f5/, and 4f;,, respectively. In
contrast, there are no obvious peaks of CNT-NPA-Ru in Pt 4f
regions. CNT-NPA-Pt was also prepared as contrast sample. As
shown in Fig. S6b,T Pt in CNT-NPA-Pt and CNT-NPA-PtRu show
the combined chemical valences of Pt° and Pt>"; CNT-NPA-PtRu
has a higher atomic ratio of Pt**/Pt® than CNT-NPA-Pt. These
results illustrate that there is a strong electronic interaction
between Pt and Ru atoms.

To further investigate the electronic structure and coordi-
nation state of Pt SAs on the sub-nanometric Ru clusters, X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) analysis were performed.*
The XANES spectra of Pt Lz-edge for CNT-NPA-PtRu and refer-
ences are presented in Fig. 2c. The valence states of Pt for
different samples are compared based on the intensity of white
line (WL) peaks. The valence state of Pt for CNT-NPA-PtRu is
between Pt foil and PtO,, implying the hybridization and slight

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS spectra of as-prepared CNT-NPA-PtRu and CNT-NPA-Ru
for (a) Ru 3p and (b) Pt 4f; (c) Pt Ls-edge XANES spectra of Pt foil, PtO,,
and CNT-NPA-PtRu; (d) EXAFS spectra of Pt foil, PtO,, and CNT-NPA-
PtRu; (e) WT-EXAFS contour plots of Pt foil, PtO,, and CNT-NPA-PtRu.

charge transfer between Pt and Ru.** Besides, the isolated Pt
atom structure across the sub-nanometric Ru clusters is
confirmed by the absence of a Pt-Pt peak in EXAFS spectra
(Fig. 2d). The lower main peak position indicates the formation
of a Pt-Ru bond.*® For further corroborant results, EXAFS
wavelet transform (WT) was also carried out. As shown in
Fig. 2e, compared with the Pt foil and PtO, references, the WT
contour plot of Pt for CNT-NPA-PtRu is distinctly different,
which corresponds to the Pt-Ru bond.*® The above results,
combined with HAADF-STEM images, demonstrate the
successful introduction of atomically dispersed Pt on the sub-
nanometric Ru clusters and further confirm the interaction
between Pt and Ru atoms. These ultrafine sub-nanometric PtRu
clusters may accelerate the HER electrocatalytic process due to
the unique electronic structures and extraordinary physical and
chemical features distinctive from common SA or NP catalysts.

Electrochemical characterization

The HER catalytic performance of as-prepared CNT-NPA-PtRu
was first investigated by a typical three-electrode configuration
in 1 M KOH electrolyte. For comparison, CNT-NPA-Ru, CNT-
NPA-Pt, and commercial Pt/C (20 wt%) were also measured
under same conditions. Linear sweep voltammetric (LSV) curves
of the above electrocatalysts are shown in Fig. 3a; CNT-NPA-
PtRu exhibits a HER overpotential of 18.3 mV to deliver
a current density of 10 mA cm ™2, which is lower than Pt/C (33
mV). For single-metal contrast catalysts, CNT-NPA-Ru and CNT-

Chem. Sci., 2024, 15, 9851-9857 | 9853
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Fig.3 HERLSV curves for CNT-NPA-PtRu and other contrast catalysts in (a) 1 M KOH, (b) 0.5 M H,SO,4 and (c) 1 M PBS; Tafel plots for CNT-NPA-
PtRu and the other catalysts in (d) 1 M KOH, (e) 0.5 M H,SO,4 and (f) 1 M PBS; (g) mass activity of CNT-NPA-PtRu and Pt/Cin 1 M KOH, 0.5 M H,SO4
and 1 M PBS; chronopotentiometry curves of CNT-NPA-PtRu and Pt/C in (h) 1 M KOH and (i) 0.5 M H,SO,.

NPA-Pt, the overpotentials at 10 mA cm > current density are
obviously larger than that of CNT-NPA-PtRu, indicating that the
introduction of atomically dispersed Pt can modulate the elec-
tronic structure of sub-nanometric Ru clusters and enhance the
HER activity. To study the effect of PA on the catalyst, O 1s XPS
and comparative experiments were conducted. The O 1s XPS
spectra of CNT-NPA and CNT-NPA-PtRu are displayed in
Fig. S7.7 In the presence of the alloy, the binding energy of O 1s
moves toward lower binding energy, which reflects that the
metal species have strong interactions with O atoms in PA.

In addition, CNT-N-PtRu was prepared with CNT-NH, as
substrate material directly. Relatively large metal NPs (2-3 nm)
are observed in TEM images (Fig. S87), which is probably due to
the higher affinity of PA to metal cations, promoting the
formation of more distributed sub-nanometric alloy clusters.
The lower HER catalytic activity of CNT-N-PtRu (710 = 59 mV)
indicates that PA modification and sub-nanometric structure
have a promoting effect on catalyst performance. Meanwhile,
the influence of CNT substrate was also taken into consider-
ation. In addition to CNT-NH,, CNT-COOH and CNT-OH were
used as substrate material. As shown in Fig. 3a, the 1, of CNT-
CPA-PtRu (21 mV) and CNT-OPA-PtRu (28 mV) were close to that
of CNT-NPA-PtRu, and both are better than Pt/C, demonstrating
the excellent capability for HER catalysis. However, with the

9854 | Chem. Sci,, 2024, 15, 9851-9857

increase of current density, the overpotential gap between CNT-
NPA-PtRu and the other two electrocatalysts, CNT-CPA-PtRu
and CNT-OPA-PtRu, increases significantly. This may be
attributed to the much stronger bonding interaction between
amine groups and PA, which contribute to increase the stability
of the electrocatalyst, especially at a large current density. The
corresponding Tafel slopes in Fig. 3d further indicate the same
HER activity sequence.

An ideal electrocatalyst should be able to work in a pH-
universal electrolyte to meet the needs of application in
different environments. Hence, the HER performance of CNT-
NPA-PtRu and contrast catalysts was examined in 0.5 M
H,S0, and 1 M phosphate-buffered saline (PBS) solutions,
respectively. As demonstrated in Fig. 3b and ¢, CNT-NPA-PtRu
exhibits outstanding HER activity in 0.5 M H,SO, (7,0 = 18.7
mV) and 1 M PBS (7,0 = 15 mV), comparable with Pt/C and
superior to the values of the other catalysts. Moreover, CNT-
NPA-PtRu displays Tafel slopes of 31.68 and 122.97 mV dec™"
in acidic and neutral media (Fig. 3e and f), which are lower than
the slope values of the other control samples, consistent with
the results demonstrated on LSV curves.

To illustrate the influence of particle size on the electro-
catalytic performance, we synthesized CNT-NPA-PtRu-n; and
CNT-NPA-PtRu-n, with larger PtRu NPs loaded on CNT-NPA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Relatively large metal NPs can be observed in the TEM images
(Fig. S9 and S10f). As displayed in Fig. S11 and S12,} we
investigated the water dissociation ability of CNT-NPA-PtRu-n,
and CNT-NPA-PtRu-n,; with increasing particle size of PtRu
alloys from sub-nanometric scale to nanoscale, the electro-
catalytic performance significantly decreases in alkaline and
acidic media. This can be attributed to the distinctive chemical
properties and more surface-exposed atoms of the sub-
nanometric clusters. In addition, the sub-nanometric clusters
with lower average metal-metal coordination number often
display a d band center closest to the Fermi level, which results
in a stronger adsorption strength towards H,O molecules and
H* intermediates, markedly accelerating the HER perfor-
mance.*”*®* We also evaluated the electrochemical impedance
spectroscopy (EIS) and electroactive surface area (ECSA) of CNT-
NPA-PtRu and different contrast electrocatalysts in all pH
solutions (Fig. S13-S16t). Apparently, CNT-NPA-PtRu shows
a small charge transfer resistance (R.) and the largest double-
layer capacitance (Cgq;) values among all the samples, which
suggests the rapid electron transfer and highly exposed ultra-
fine sub-nanometric PtRu clusters, further confirming its
intrinsic electrocatalytic activity and enhanced kinetics for
HER. Encouragingly, even when compared with some recently
reported Ru-based and Pt-based catalysts, the small over-
potential of CNT-NPA-PtRu at 10 mA cm ™2 also manifests itself
as a remarkable electrocatalyst towards HER over the whole pH
range (Table S2t).7°

To further reveal the intrinsic activity of the catalyst, the
mass activity and turnover frequency (TOF) of CNT-NPA-PtRu
were calculated. As shown in Fig. 3g, the mass activities of
CNT-NPA-PtRu are 0.95 and 2.44 A mg ™' at 50 mV and 100 mV,
respectively, about 4.5 and 6.6 times higher than that of Pt/C

© 2024 The Author(s). Published by the Royal Society of Chemistry

(0.21 and 0.37 A mg™ ') in 1.0 M KOH electrolyte. Meanwhile,
we further investigated the mass activity of CNT-NPA-PtRu in
acidic and neutral media. CNT-NPA-PtRu still shows a larger
mass activity value than Pt/C at the overpotential of 50 mV and
100 mV in 0.5 M H,SO, and 1 M PBS solutions, indicating the
high utilization efficiency of the noble metal. Furthermore, we
compared the HER activity of CNT-NPA-PtRu and Pt/C based on
TOF values. CNT-NPA-PtRu delivers larger TOF values (1.53,
3.03, and 0.65 s~ ') than Pt/C (0.38, 1.84, and 0.34 s™') at the
overpotential of 100 mV in 1 M KOH, 0.5 M H,SO, and 1 M PBS
solutions. These results suggest that CNT-NPA-PtRu has supe-
rior catalytic activity in all pH solutions.

The stability of electrocatalysts is very important for their
practical application. The long-time durability of CNT-NPA-
PtRu was demonstrated by chronopotentiometry testing in
alkaline and acidic environments. As shown in Fig. 3h and i,
CNT-NPA-PtRu has stable current density during the 30 hours of
continuous /-t testing in 1 M KOH and 0.5 M H,SO, solution,
while significantly decreased activity for Pt/C is observed. In
addition, the durability of CNT-NPA-PtRu was examined with
long-term cyclic voltammetry (CV) measurement in alkaline and
acidic media. Fig. S17f shows the LSV of CNT-NPA-PtRu
measured before and after 5000 CV cycles, and polarization
curves exhibit a very similar activity as the initial test, which
indicates the stability of CNT-NPA-PtRu. After the durability
test, the sub-nanometric PtRu clusters were still uniformly
dispersed on the CNT substrate and retained their original
elements and oxidation state (Fig. S18 and S19%).

Mechanism research

To gain theoretical insights and the underlying mechanism into
the excellent HER performance of CNT-NPA-PtRu, first-

Chem. Sci., 2024, 15, 9851-9857 | 9855
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principles density functional theory (DFT) calculations were
performed. As shown in Fig. 4a, we established simplified
models, CNPA-PtRu and CNPA-Ru, for DFT calculation. It is
commonly accepted that catalysts with hydrogen adsorption
free energy (AGy~) values close to 0 eV have good HER perfor-
mance.*® Fig. S201 shows H* adsorption theoretical models on
different Ru sites of CNPA-Ru and CNPA-PtRu, and the AGy«
value of these Ru sites were calculated (Table S31). As shown in
Fig. 4b, the AGy+ value was changed from —0.577 eV to
—0.482 eV after the introduction of Pt SA to the sub-nanometric
Ru cluster, demonstrating that Pt SA modification can optimize
the HER activity of the sub-nanometric Ru cluster. Meanwhile,
the AGy+ value of the Pt site in CNPA-PtRu is closest to 0 eV
among these sites, indicating a moderate binding with H*,
which is also of great benefit to the promotion of HER. In
addition, the projected density of states (PDOS) and d-band
center (&q) of Ru sites in two different models were calculated
(Fig. 4d). With the assistance of Pt SA, the ¢4 of Ru; atom in the
CNPA-PtRu model reveals higher occupation than CNPA-Ru
near the Fermi level, which indicates the strong adsorption
capability of reaction intermediates during HER catalysis.*”*® To
understand how the electronic structure change of Pt SA affects
the sub-nanometric Ru cluster, differential charge density
analysis was carried out. The obvious charge density redistri-
bution at the junction of Pt and Ru atoms is observed in Fig. 4c.
A clear charge transfer from Pt to Ru, as evidenced by the
electron depletion (cyan areas) of Pt and electron accumulation
(vellow areas) of Ru, is consistent with XPS and XANES analysis
results, indicating the strong interaction between Pt and Ru. All
these results proved that the introduction of Pt SA to the sub-
nanometric Ru cluster could engineer the electronic structure
of the Ru cluster and subsequently optimize the adsorption of
reaction intermediates, thus leading to excellent performance
for all-pH HER.

Conclusions

In summary, this work proposed sub-nanometric Ru cluster
catalysts with atomic Pt modification through a pyrolysis-free
route for electrocatalytic water splitting at all pH conditions.
The obtained CNT-NPA-PtRu catalyst with adequate surface-
exposed active sites can effectively drive HER throughout the
entire pH range, better than the commercial Pt/C catalyst and
many other reported Pt-based and Ru-based catalysts. Experi-
mental results and DFT calculations confirmed that the engi-
neering of the electronic structure of sub-nanometric Ru cluster
by Pt SA is the key contributor to the superior HER performance.
This project is of great significance for developing highly effi-
cient sub-nanometric cluster electrocatalysts for pH-universal
water splitting and highlights the ability of engineering the
electronic structure at the atomic scale to provide further
impetus for sub-nanometric cluster catalysts design.
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