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Pertinent existing hydrogen technologies for energy storage require unsustainable amounts of scarce platinum
group metals. Here, an electrocatalyst comprising high-aspect-ratio platinum nanowires (PtNWs) on singlewalled carbon nanotubes (SWNTs) with ultralow Pt content (340 ngPt cm−2) is employed for hydrogen evolution
reaction (HER). A comparable activity (10 mA cm−2 at −18 mV vs. RHE) to that of state-of-the-art Pt/C (38,000
ngPt cm−2) is reached in acidic aqueous electrolyte. This is attributed to favorable PtNW interaction with SWNTs
and PtNW edge-sites which adsorb hydrogen optimally and aid at alleviating repulsive interactions. Moreover,
the metallic nature of Pt, morphological eﬀects and enhanced wetting contribute positively. The PtNW/SWNT
relevance is emphasized at a proton-exchange-membrane electrolyzer generating stable voltage for more than
2000 h, successfully competing with the state-of-the-art reference but with one tenth of Pt mass loading. Overall,
this work presents an unprecedently eﬃcient HER catalyst and opens up avenues for PtNW/SWNT catalyzing
other high-impact reactions.

1. Introduction
A major technological obstacle with the spread of solar and wind
energy is its storage for cloudy and windless occasions. Power-to-gas
energy storage via water electrolysis is one of the few options for storing
excess renewable energy at large scales and over long time periods. In
this process, electrical power is converted to chemical energy in the
form of hydrogen. Hydrogen is an ideal energy carrier in the sense that
it is abundant and has the highest gravimetric energy density among
conventional fuels. [1] However, 90 % of the world’s hydrogen is
currently produced from fossil fuels with considerable CO2 emissions,
and therefore electrolysis of water attracts increasing interest as a
sustainable alternative. [2–4]
The hydrogen evolution reaction (HER), 2H+ + 2e− → H2, is one of
the necessary half-reactions in water splitting. By storing energy in
hydrogen by splitting water, the energy can subsequently be released
back in a fuel cell, for instance to power electric vehicles and portable
electronics. [5] Alternatively, the hydrogen energy carrier can be used

⁎

in industrial processes such as chemical, fertilizer or steel production.
A barrier to large scale deployment of cutting edge polymer electrolyte membrane (PEM) electrolyzers is a strong dependence on rare
and expensive platinum group metals (PGMs). Decreasing the amount
of the PGMs is important for laying the groundwork for the large-scale
and long-term deployment of H2 fuel. This has driven research into nonnoble metal alternatives such as transition metal phosphides [6,7],
carbides [8] and nitrides [9,10] or chalcogenides [11–13]. For the time
being, however, Pt-based HER catalysts are still regarded as the most
relevant starting point owing to their better overall performance in
activity, stability and integrability to industrial applications such as
PEM electrolyzers in acidic environment [14,15].
As to PEM electrolyzers under acidic operating conditions, the
cathode can suﬀer from high degradation. [16] On conventional carbon
black substrates, Pt nanoclusters tend to agglomerate during operation
with the on/oﬀ electrochemical cycles of an electrolyzer connected to a
renewable energy source. This has hitherto led to an antagonism between ultralow Pt loadings (< 1000 ngPt cm−2) (achievable only with
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Fig. 1. Schematic illustration of the synthesis of Pt/SWNT-O3 with Pt content of 3.9 wt%.. a. HAADF/STEM image of the CNT bundles with Pt/SWNT before the heat
treatment. b. HAADF/STEM image of the CNT bundles with Pt nanowires after the heat treatment. The scale bars are 10 nm.

higher Pt mass loading. Equally ultralow and pseudo-atomic Pt on
SWNT (570 ngPt cm−2) has earlier been presented by Tavakkoli et al.
[26] In contrast, Pt/SWNT-O3 with similar Pt loading does not become
deactivated under negative HER potentials as observed by Tavakkoli
et al. The improved stability is attributed to interactions between the
PtNWs and the SWNT support inducing compressive strain in the Pt
bonds and resulting optimal hydrogen inaction with PtNWs.
The feasibility of our Pt/SWNT-O3 catalyst is veriﬁed in a single-cell
PEM electrolyzer. In terms of activity, even with one tenth of Pt mass
loading at the cathode (0.02 mgPt cm−2), Pt/SWNT-O3 performs close
to the level of the state-of-the-art Pt/C material. The stability and
durability of Pt/SWNT-O3 as a cathode catalyst are conﬁrmed with
more than 2000 h of chronopotentiometric measurements and 10,000
potential cycles simulating on/oﬀ operation.
We conclude that strain in the Pt bonds, the metallic nature of
PtNWs and, with respect to the morphology, the PtNW edges in particular contribute positively to the overall performance. The clear catalytic enhancement achieved by the ozone treatment is attributed not
only to morphological eﬀects but also to improved hydrophilicity of the
catalyst. Moreover, the simple synthesis of PtNW/SWNT presented in
this study allows for both upscaling in volume and testing in industrially relevant applications.

the highest Pt mass activity, i.e. nanometric Pt objects) on one hand and
the high durability requirements of a PEM electrolyzer on the other.
In order to prevent the loss of active Pt via e.g. Ostwald ripening, Pt
nanoparticle growth and detachment of Pt nanoparticles during catalysis, metal oxide supports with stronger interaction with Pt nanoparticles have been suggested. [17–22] However, their electronic conductivity is low and the oxides are prone to reduction under low HER
potentials, rendering the support unstable. Promising ultralow-Pt supports for the HER have been reported based on conductive carbon
materials such as N-doped graphene [23], TixW1-xC [24], and carbon
nanospheres [25] that do allow good activities and stabilities but still
fall short of successful incorporation in an actual electrolyzer cell.
Carbon nanotubes, on the other hand, can assist in bringing together
the ideals of high activity, stability and integrability as we show in this
article. Especially single-walled carbon nanotubes (SWNTs) provide
highly conductive and durable supports for accommodating even ultralow amounts of subnanometric Pt catalyst particles because of their
unique morphology. [26] Now that the price of SWNTs has notably
decreased in recent years due to the upscaling of their synthesis, their
adoption for high-end electrocatalytic applications is favorable over
multi-walled carbon nanotubes as has also been concluded elsewhere
[27].
In this work, we aim to mitigate PGM dependency by presenting a
simple and upscalable synthesis of Pt nanowires (PtNWs) on SWNTs.
Our approach to improve the adhesion, and thus durability, of PtNWs
on SWNT relies on controlled surface oxidation with ozone, whereas
electrocatalytic activity and stability are attributed to morphological
eﬀects.
For an ozone-treated SWNT substrate [28] with 340 ngPt cm−2 (Pt/
SWNT-O3), we report a HER activity of 10 mA cm−2 at −18 mVRHE,
being competitive to a state-of-the-art Pt/C catalyst (38,000 ngPt cm−2)
that attains the same current density at −16 mVRHE but with notably

2. Catalyst synthesis and characterization
First, the SWNTs (OCSiAl TUBALL™, diameter 2 nm, 90 wt% SWNT,
3 wt% metal impurity) were functionalized using an ozone generator
(Enaly OZX-300ST). An ozone ﬂow of 200 mg/h was directed over the
pristine SWNTs for 40 min to increase their surface activity and hydrophilicity, thus assisting the transfer of Pt from H2PtCl6 ∙ 6 H2O (Alfa
Aesar) onto the SWNT surface.
As a reference, a material using pristine SWNTs and H2PtCl6 ∙ 6 H2O
2
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treatment of the SWNTs. Such tiny Pt clusters are expected to show a
high initial catalytic activity, but become deactivated within a few
minutes. [26]

was prepared. For this, the same synthesis process was used but omitting the ozonation step.
The pretreated or pristine SWNTs were dispersed in relation of 1 mg
per 1 ml of i-PrOH (Fischer Scientiﬁc) by ultrasonication for 15 min.
After this, while mixing by magnetic stirring, Pt was introduced by
adding H2PtCl6 ∙ 6 H2O in ethanol to obtain the desired concentration.
This was again followed by ultrasonication for 15 min and magnetic
stirring overnight.
Subsequently, the well-dispersed ink was gradually heated up to
300 °C in N2 at a rate of 100 °C/h to ﬁrst evaporate the solvent and
counter ions. At 300 °C, N2 was switched to 5 % H2/Ar for 2 h to reduce
the Pt(IV). The synthesis procedure is outlined in Fig. 1. After the heat
treatment, the sample was cooled down to room temperature under an
N2 atmosphere and collected to begin with electrochemical experimentation as detailed in the Supporting Information (SI). The synthesis
yield of the catalyst was ca. 88 %.
In addition to electrochemical experimentation, the material was
thoroughly characterized with physical methods, including scanning
transmission electron microscopy (STEM), inductively coupled plasma
mass spectroscopy (ICP-MS), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), X-ray absorption spectroscopy (XAS) including
extended X-ray absorption ﬁne structure (EXAFS), and goniometry.
Computational studies are included to shed light on the catalytic
properties of the PtNW/SWNT structure. Further details about the experimental methods are discussed in the SI.

3.2. Electrochemical activity of the catalysts
The HER activity of ozone-treated Pt/SWNT-O3 is contrasted with
its non-treated counterpart Pt/SWNT and a state-of-the-art Pt/C reference. The electrocatalytic beneﬁt of pretreating the SWNTs with
ozone before introducing Pt is clearly shown in Fig. 3. At a potential of
−0.05 VRHE in acidic electrolyte, 3.2 wt% Pt/SWNT and 3.9 wt% Pt/
SWNT-O3 generate current densities of 10 and 35 mA cm−2, respectively, while the 20 wt% Pt/C reaches 40 mA cm−2. Fig. 3b displays the
HER (mass) activities of the catalysts normalized by their corresponding
Pt loadings. Evidently, the ozonized Pt/SWNT-O3 catalyst has the
highest HER mass activity of the three. A literature comparison with
other low-Pt and nanosized Pt cluster catalysts show the good performance of Pt/SWNT-O3 and is presented in Supplementary Information
(Table S1).
Fig. 3a also presents the HER polarization curves for a wt% series of
the Pt/SWNT-O3 catalyst along with the commercial 20 wt% Pt/C. The
activity enhancement achieved by adding even a small amount of Pt on
the SWNTs is evident when comparing the HER performance with
pristine and ozone-treated SWNTs. The catalyst prepared from SWNTO3 with 3.9 wt% of Pt outperforms the other Pt/SWNT-O3 catalysts with
other Pt contents and almost coincides with the commercial reference.
Besides, this Pt loading has the highest electrochemically active surface
area (ECSA) (Table S2) among the experimented ones as discussed
below. Therefore, the 3.9 wt% Pt/SWNT-O3 catalyst is selected as the
optimal candidate for further examination by electrochemical and
physical characterization methods.
The ECSAs are determined from CO stripping experiments (Figure
S10 and Table S2). The diﬀerences in the PtNW morphology and the
structural changes of the SWNT support are reﬂected as a tripling of
ECSA for Pt/SWNT-O3 compared to Pt/SWNT. The decrease of ECSA
with the increase in the Pt loading of the catalysts with ozone treated
SWNT support may be attributed to formation of less active spherical
agglomerates with a lower area-to-volume ratio. Interestingly, Pt/
SWNT-O3 with ultralow Pt loading shows an ECSA of 29 m2 g−1
Pt comparable to the ECSA of the commercial Pt/C (35 m2 g−1
Pt ) with a notably
higher Pt loading. The HER activities of Fig. 3a normalized with ECSA
are presented in Figure S2.
Local ﬂuctuations in the linear trends of the HER curves of Fig. 3 are
attributed to the vigorous evolution of H2 bubbles. [33,34] IR-corrected
polarization and Tafel curves are presented in Figures S3 and S4, respectively. Changes in the electrolyte resistance (measured by electrochemical impedance spectroscopy) from experiment-to-experiment are
found negligible (Figure S5) and thus the same conclusions can be derived irrespective of the iR correction.
The shorter length of the nanowires on the ozonized SWNTs suggests one plausible cause behind the higher HER activity. As according
to Fig. 3b, the diﬀerence in Pt content is not enough to account for the
diﬀerence in activity, the higher number of active edges and corners for
the shorter PtNWs are suggested to promote the HER (see computational results). Enhanced hydrophilicity, or wetting of the surface, as
shown by goniometric studies (Figure S6), may also contribute to the
facilitated HER by improving the mass transfer to the Pt/SWNT-O3
electrocatalyst surface. [35,36]
Higher hydrophilicity of Pt/SWNT-O3 compared to Pt/SWNT is attributed to surface structural changes induced by the ozone treatment.
These include formation of functional groups with oxygen on the surface of the SWNTs according to XPS (Fig. 8 and Table 2) and carbon
bonding of SWNTs as observed by Raman (Figure S7). Raman characterization revealed an increase in the amount of disorder carbon in
comparison to graphitic sp2 carbon network after the ozone treatment
since there is a signiﬁcant decrease of the IG/ID ratio from 56.7 to 3.3

3. Results and discussion
3.1. The PtNW structure on the SWNTs
The highest electrochemical activity is attained when the SWNTs
are treated with ozone, before adding the Pt complex. The method of
oxidizing the carbon support before depositing metal catalysts has been
previously reported. [28–32] In our synthesis, the ozone step introduces
polar oxygen functional groups on the SWNT surface as revealed by XPS
(see Fig. 8 and Table 2 in XPS section), improving the adhesion of the
ionic Pt precursor.
Striking Pt nanowire structures are formed by heating the material
in 5 % H2/Ar atmosphere at 300 °C for two hours. Fig. 1a and b represent STEM images of the catalyst before and after the heat treatment
and demonstrate the presence of sub-nanometer Pt clusters before the
heat-treatment and appearance of PtNWs only after the heating step. In
addition, some Pt still remains as small clusters observed as clear bright
spots (Fig. 1b). Energy dispersive X-ray spectroscopy (EDS) measurements conﬁrm that both the NWs and the subnanoparticles consist of Pt.
Based on our earlier observations, sub-nanometer Pt clusters are
formed only on SWNTs [26], which is attributed to the curved nature of
the SWNTs promoting asymmetric diﬀusion of the adsorbed Pt atoms:
In axial direction diﬀusion is sluggish but in radial direction it is fast
and this stabilizes sub-nm Pt cluster. These sub-nm Pt particles are
needed to form PtNWs (see Fig. 1) during the heat-treatment procedure
because larger spherical agglomerates are more stable and do not form
such NW structures.
Interestingly, without the ozone modiﬁcation of the SWNTs, the
deposited PtNWs are longer (see Fig. 2). For Pt/SWNT and Pt/SWNT-O3
with similar Pt contents of 3.2 wt% and 3.9 wt%, respectively (determined by ICP-MS), the average lengths of the PtNWs are 65.6 nm and
16.4 nm. The size distributions of the PtNWs on both SWNTs and ozonized SWNTs are obtained from high-magniﬁcation STEM images and
depicted by histograms in Fig. 2. In terms of width, there is no signiﬁcant diﬀerence between the two samples (Figure S1).
In both Pt/SWNT and Pt/SWNT-O3, Pt appears crystalline even
though no single lattice orientation can be distinguished (Fig. 2c and f).
In addition to the nanowires, the high-resolution HAADF/STEM image
in Fig. 2f also shows the presence of subnanometric Pt clusters and even
individual Pt atoms which apparently form as a result of the ozone
3
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Fig. 2. Above: HAADF/STEM images (colored to enhance contrast) of Pt/SWNT (panels a–c) and of Pt/SWNT-O3 (panels d–f) at diﬀerent magniﬁcations. The inset to
panel f shows a closer view of several individual Pt atoms clustered loosely together. Below: The nanowire length distributions of 3.2 wt% Pt/SWNT (a–c) and 3.9 wt
% Pt/SWNT-O3 (d–f).

desorption peaks in the hydrogen ﬁngerprint region (Figure S8). The
featureless CVs may simply result from the ultralow Pt loadings of
279 ng cm−2 for Pt/SWNT and 340 ng cm-2 for Pt/SWNT-O3.
The stability of Pt/SWNT-O3 is conﬁrmed by an accelerated stress
test (AST), consisting of 3400 CV cycles between −0.08 and 0.8 VRHE.
The upper limit corresponds to the potential reached for the cathode of
an electrolyzer during a shut-down process because of its spontaneous
polarization induced by remaining oxygen transferred from the anode
to the cathode. [37] Fig. 4 demonstrates the HER activity of the 3.9 wt%
Pt/SWNT-O3 catalyst before and after the AST, where a negligible
change in the activity indicates good durability. Throughout the potential range in which the formation of H2 bubbles is moderate enough
to maintain the curves linear and comparable, the potential loss is no
more than 5 mV. Furthermore, in comparison to what has been earlier
presented by Tavakkoli et al. [26] for equally ultralow Pt on SWNT

for the SWNTs. Here, IG refers to the Raman intensity arising from
graphitic sp2 carbon whereas ID is attributed to disordered carbon. Similar diﬀerences in the Raman spectra are also observed for Pt-SWNT
and Pt-SWNT-O3, indicating that the structural changes induced by the
ozone treatment remain after the Pt deposition and the reduction step
of the synthesis.
The structural diﬀerences induced by the ozone treatment on the
SWNT support and Pt is also reﬂected as higher currents in the cyclic
voltammograms (CVs in Figures S8 and S9), both for the Pt containing
catalysts and for the SWNT supports. These diﬀerences induced by the
ozone treatment are discussed in more detail below in Sctions 3.3. and
3.4 Furthermore, the CV of SWNT-O3 is featured by a redox peak pair at
the potential range of 0.4…0.8 VRHE, which is absent in pristine SWNT
and hence attributed to oxygen containing groups. What is noteworthy
at CV potentials lower than ca. 0.3 VRHE, is the absence of adsorption/
4
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Fig. 3. HER polarization curves for Pt/SWNT catalysts with and without ozone treatment contrasted with commercial 20 wt% Pt/C from Alfa Aesar in H2 saturated
0.5 M H2SO4. Catalyst loading 0.2 mg/cm2, scan rate 2 mV/s, rotation speed 2500 rpm. Normalized with a. electrode area b. Pt mass.

level of Pt/SWNT-O3, the polarization curves show similar activity
(Figure S13a). However, the long-term voltage proﬁle at a constant
current density of 1 A cm−2 is better for the novel catalyst most likely
due to improved mass transfer (Figure S13b). This is attributed to dissimilar surface properties and morphologies of the electrocatalysts
plausibly resulting in divergent interactions between the catalyst and
the ionomer and the species participating the reactions.
The stability of the electrolyzer setup with Pt/SWNT-O3 at the
cathode is tested by operating the cell at the constant current density of
1 A cm−2 for 2,000 h (Fig. 5b). The MEA with this catalyst shows stable
performance with a small voltage drop after 320 h since the contact is
enhanced by inserting a GDL in place at the cathode.
The stability is also investigated with an AST where the cathode
catalyst is sprayed onto a carbon paper with a Naﬁon content of 30 wt
%. This membrane is transferred into a test cell with in-situ reference
electrode to carry out the AST to investigate changes in the ECSA as a
result of power cycling. It has been shown that when the electrolyzer is
switched oﬀ, the cathode contributes more to changes at OCV than the
anode. [16] This can lead to various degradation processes such as Pt
nanoparticle growth via migration and surface diﬀusion and Pt detachment or agglomeration due to carbon support corrosion induced by
oxygen diﬀusion from the anode to the cathode during the shut-down
phase. The change in ECSA with number of cycles is plotted in Fig. 5c.
However, it should be noted that at the chosen catalyst loading, the
changes in the ECSA do not have an impact on the overall cell voltage as
the HER on Pt is such a facile reaction.
The general ECSA trends with on-going voltage cycling for the two
materials are displayed in Fig. 5c and are in agreement with the values
measured in the electrochemical cell taking into account the large error
margins and diﬀerent operation environments (aqueous acid electrolyte
vs. PEM). The initial ECSA of 44 m2 g−1
Pt for the Pt/SWNT-O3 is well in
the range of the Pt/C reference. After 9000 potential cycles, the degradation results in 19 m2 g−1 for the Pt/SWNT-O3 while 21 m2 g−1 for
the Pt/C. Although our catalyst does not succeed quite as well as the
reference, the end result of the ECSA test still suggests comparable
endurance under oxidative shut-down cycles. Overall, the performance
of the novel Pt/SWNT-O3 catalyst approaches that of the standard Pt/C
even though the Pt loading is only one tenth.

Fig. 4. HER polarization curves for Pt/SWNT-O3 before and after an accelerated stress test (AST). Scan rate 2 mV/s, rotation speed 2500 rpm.

(570 ngPt cm−2) as here, Pt/SWNT-O3 maintains its activity under negative HER potentials (Figure S11).
Fig. 5a presents the performance of Pt/SWNT-O3 as the cathode
catalyst of a PEM electrolyzer setup under acidic conditions. Pt/SWNTO3 has now a ten times lower Pt loading per electrode area than the
commercial Pt/C reference. The onset voltages of the polarization
curves are close to each other, suggesting similar intrinsic activity towards the pertinent electrochemistry. However, the novel Pt/SWNT-O3
catalyst shows a higher operating voltage with increased current density compared to the standard Pt/C, which is probably related to differing resistances in the membrane electrode assembly. In the impedance spectra (see Figure S12) measured for the cell equipped with
0.02 mgPt cm−2 of Pt/SWNT-O3 an additional potential independent RC
circuit appears when compared to spectra measured for the electrolysis
cell with ten times higher loading of commercial Pt/C. This is attributed
to the cathode processes becoming limiting because of the low Pt
content and suggest that further reduction of Pt is not feasible due the
increase of operation voltage. On the other hand, similar cell resistances
obtained for both the set-ups suggest that the electronic conductivity of
the ozone treated SWNTs is high enough for this application though
ozone treatment is known to decrease conductivity of SWNTs [28].
When decreasing the Pt content of the commercial electrode to the

3.3. XAS/EXAFS analysis of catalysts
XAS analysis was carried out to investigate the overall structural
features of PtNWs, which dominate the spectral response over the
subnanometer particles and which can be linked with the observed
5
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Fig. 5. Electrolyzer tests recorded at 55 °C using Naﬁon®-115 membrane and 0.2 mg cm−2 of Pt/C or 0.02 mg cm−2 of Pt/SWNT-O3 at the cathode, while having
3 mg cm−2 of IrRuOx at the anode. a. Polarization curves and b. voltage proﬁles during constant current operation at 1 A cm−2 and c. Electrochemically active
surface area recorded every 1000 cycles, normalized to Pt loading.

damping is usually due to a decrease in the coordination number, yet
the ﬁrst shell coordination number is practically unaﬀected in two
PtNW/SWNTs compared to Pt foil (see Table 1). This can be explained
by the simultaneous increasing in the structural disorder in the order
Pt/SWNT > Pt/SWNT-O3 > Pt foil (quantiﬁed by the Debye Waller
factor reported in Table 1), which is known to have an impact on the
signal amplitude. Therefore, in both PtNW/SWNTs, the ﬁrst shell signal
reduction is mainly due to an increase in the structural disorder, while
the higher shells are simultaneously aﬀected by the rise of the structural
disorder and a decrease in the coordination number. At the same time,
our EXAFS results clearly show a contraction of the average Pt-Pt distances for PtNW/SWNTs relative to bulk Pt, with a larger reduction for
the non-ozonized Pt sample (see Table 1). One possible explanation for
this phenomenon is an increase in the surface strain as a consequence of
the high curvature of the nanowires as is further discussed in the
computational part. [39]
Compressive strain is known to downshift the D-band center of the
late transition metals, thus weakening the interaction between the adsorbate and the surface. [40] Consequently, the HER current is enhanced by the observed compressive interaction between the support
and Pt if hydrogen bonding is too strong. When comparing the HER
current stability on Pt/SWNT-O3 (Figure S11) to our earlier study on
pseudo-atomic Pt on SWNT, [26] it is obvious that the latter suﬀers
from current decay when subjected to the HER potential region. This
phenomenon is attributed to contamination of the pseudo-atomic Pt
surface by adsorbed hydrogen, resulting from too strong hydrogen

electrocatalytic activity. Figure S14 shows a comparison between the
experimental Pt L3-edge X-ray absorption spectra of the ozonized and
non-ozonized Pt/SWNT samples and the reference Pt foil. There are no
changes in the position of the threshold energy and in the frequency of
the spectral oscillations, conﬁrming the metallic nature of the PtNWs.
An in-depth EXAFS analysis of Pt/SWNT and Pt/SWNT-O3 was
carried out starting from a rigorous ﬁt of the crystalline Pt used as a
known reference structure, on the basis of which a comprehensive
understanding of the local atomic structure in Pt nanosystems was
achieved. The details of the ﬁtting procedure are discussed in SI, while
the best-ﬁt analysis and the structural parameters obtained for each Pt
sample are presented in Fig. 6 and Table 1.
As is shown in Fig. 6, the agreement between the experimental and
calculated EXAFS spectra of the Pt foil is very good in the whole energy
range, and the structural parameters (determined up to the ﬁfth coordination shell) are, within the statistical errors, in perfect agreement
with previous crystallographic determinations, [38] establishing the
reliability of the data-analysis method. As far as Pt/SWNT and Pt/
SWNT-O3 are concerned, despite the low Pt content, the quality of the
EXAFS signal is still very satisfactory, providing the possibility to investigate the structural features up to the fourth coordination shell. The
most visible change between the spectra of crystalline Pt and PtNW/
SWNTs is the reduction of the EXAFS signal in the nanocrystal systems.
This eﬀect became more apparent observing the Fourier transform of
the EXAFS spectra depicted in Fig. 7, and more pronounced for the
peaks in the region of 3.5–6 Å, corresponding to the higher coordination shells, that are the most aﬀected by nanoscale eﬀects. This
6
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When Pt was deposited on ozone functionalized SWNTs a higher
amount of Pt is present on the surface compared to when Pt s deposited
on pristine SWNTs. The Pt/SWNT sample contained 0.05 at% Pt (0.8 wt
%), while for Pt/SWNT-O3 the amount of Pt is double at 0.11 at%
(1.7 wt%). These values are lower than the Pt content obtained using
ICP-MS measurements, which may be due to XPS being a surface sensitive technique. As discussed above in connection to the XAS measurements, the Pt is mainly present as Pt° for both Pt/SWNT and Pt/
SWNT-O3 as can be observed from the asymmetric peak shape of the Pt
4f peaks (Fig. 8 a). Deconvolution of the Pt 4f peaks for both samples
indicates the presence of 72 % metallic Pt (Pt° 4f7/2 at 71 eV), 18 % PtO
(Pt2+ 4f7/2 at 72.3 ± 0.1 eV), and 10 % of oxides such as PtO2 (Pt4+
4f7/2 at 73.9 ± 0.1 eV). [41,42] Most of the Pt surface is thus reduced
by the heat treatment at 300 °C in a 5 % H2/Ar ﬂow (Fig. 1). Even
though the Pt 4f proﬁles are similar for the two samples, Pt/SWNT-O3
contains twice as much metallic Pt and PtOx as Pt/SWNT before performing HER.
All samples contain elements besides Pt, C and O, originating from
the production process of the SWNTs such as Fe and S from the SWNT
growth-catalyzing particles. The detected amount of Fe increases after
Pt deposition, most likely due to the exposure of carbon-encapsulated
Fe particles by the synthesis procedure. However, the presence of Fe
particles does not inﬂuence the HER activity of the Pt/SWNT samples as
the SWNTs alone do not exhibit any catalytic activity (Fig. 3a).
While ozone treatment increased the amount of oxygen functional
groups in the surface of the SWNTs, the synthesis procedure for Pt
deposition also introduced signiﬁcant amounts of oxygen. While the
pure SWNTs and SWNT-O3 contain 0.7 at% and 2.5 at% oxygen, respectively, the Pt/SWNT and Pt/SWNT-O3 samples contained 3.2 at%
and 4.6 at% (Table 2). Deconvolution of the O 1s region was performed
using ﬁve peaks. For transition metal oxides such as PtO/PtO2 and
Fe2O3, the O 1s peak is usually located around 530.2 eV, which is the
value used here. [42,43] This peak contributes to only 4 % and 3 % of
the total amount of oxygen in the Pt/SWNT and Pt/SWNT-O3, meaning
that most of the oxygen is present as oxygen functional groups and not
Pt or Fe oxides. The three main oxygen peaks are identiﬁed as carbonyl
C]O (531.4 eV), CeO groups such as hydroxyl and epoxide (532.2 eV)
and OeC]O groups such as carboxyl and anhydride (533.3 eV).
[29,30,44] Finally the peak at 534.7 eV is attributed to chemisorbed
H2O. [45] Especially the amount of C]O and OeC]O groups is higher
for Pt/SWNT-O3 compared to Pt/SWNT. These polar groups make the
sample more hydrophilic, as indicated by goniometry (Figure S6), and
they could also improve the catalyst wetting by ionomer, [46] and
thereby improve the HER activity of Pt/SWNT-O3 compared to Pt/
SWNT.

Fig. 6. Comparison between the best-ﬁt theoretical signals (red lines) and the
experimental EXAFS χ(k) signals (black lines) for Pt foil, Pt/SWNT-O3 and Pt/
SWNT. χ(k) signals are shown multiplied by k2 for a better visualization. (For
interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article).

bonding. These observations suggest that the hydrogen bonding is
closer to the optimal HeH bonding range for the PtNW morphology
(see Table S3 for relative changes in Pt bond distances) and the observed current can be mainly attributed to these structures for Pt/
SWNT-O3, and not the individual Pt atom clusters also observed in
STEM (see Fig. 2).
Table 1 emphasizes the variation of the most representative structural parameters of the PtNW/SWNT samples relative to bulk Pt (see
also Table S3). It is important to note that in the case of PtNW/SWNTs,
the accuracy related to the structural parameters decreases from the
second coordination shell, the error bars depending on the greater noise
level of the experimental EXAFS spectra compared to the data of the Pt
foil.

3.5. Density functional theory calculations
3.4. XPS analysis of catalysts
To study the origin of the electrocatalytic activity, the structure and
hydrogen adsorption properties of both a continuous PtNW and a
truncated PtNW with exposed edge-sites on a SWNT were investigated
using periodic density functional theory (DFT) calculations. As a reference, all calculations were repeated also on a close-packed Pt(111)
surface. The reported simulations were performed using the CP2K/

The elemental composition of the samples was assessed using XPS.
Measurements of the SWNTs before and after the ozone treatment
showed that the pure SWNTs contained only 0.7 at% oxygen, while
after ozone exposure the oxygen content increased to 2.9 at% (see
Table 2).

Table 1
Best-ﬁt parameters obtained from the EXAFS analysis of the bulk Pt, Pt/SWNT-O3 and Pt/SWNT. R (Å) is the interatomic distance, σ2 (10-3 Å2) is the Debye-Waller
factor and N is the coordination number (for Pt foil the coordination numbers were ﬁxed). Errors are given in parentheses.
Pt foil

Pt/SWNT-O3

Pt/SWNT

Shell

R

σ

N

R

σ

N

R

σ2

N

I
II
III
IV

2.776(2)
3.920(5)
4.808(3)
5.552(4)

5.7(1)
11(1)
6.9(2)
11(1)

12
6
24
12

2.769(2)
3.918(9)
4.795(5)
5.54(1)

8.1(2)
14(1)
10(2)
18(1)

11.8(2)
4.8(8)
22.2(8)
9(1)

2.752(3)
3.923(8)
4.766(6)
5.50(1)

11(1)
15(1)
19(1)
30(5)

11.9(3)
4.3(5)
20.5(2.0)
9.5(1.0)

2

2
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Table 2
Surface composition and distribution of the oxygen functional groups from the O 1s region by XPS analysis.
Sample

Pt [at%]

O [at%]

Fe [at%]

MxOy [%]

C = O [%]

C–O [%]

O–C = O [%]

H2O [%]

SWNT
SWNT-O3
Pt/SWNT
Pt/SWNT-O3

–
–
0.05
0.11

0.7
2.9
3.2
4.6

–
0.07
0.15
0.12

–
7
4
3

–
27
14
19

–
36
48
41

–
24
31
33

–
6
3
4

A qualitative prerequisite for a well-performing heterogeneous
catalyst is that it should neither bind reaction intermediates too
strongly nor too weakly. [53] In the case of HER, the hydrogen adsorption free energy of an eﬃcient electrocatalyst should thus be close
to 0 eV. Fig. 10 illustrates that the free energy of adsorption onto a
bridge-site on the Pt/SWNT system is highly favorable, exhibiting a
ΔG H of ca. -0.31 eV. Truncating the periodic PtNW is observed to signiﬁcantly alter the H adsorption properties of the system. Indeed,
bridge-sites in the center of the truncated Pt/SWNT system are activated, demonstrating a ΔG H of roughly -0.42 eV. On the other hand,
hydrogen adsorption to bridge-sites on the PtNW edge is seen to
weaken, resulting in a ΔG H of -0.23 eV, which closely matches the
corresponding values for Pt(111) fcc- and top-sites. As a reference,
hydrogen adsorption onto a pristine SWNT is highly endergonic, ruling
out the catalytic activity of the nanotube support as is also shown by the
electrochemical experiments (Fig. 3a). In conclusion, hydrogen adsorption onto edge-sites on the PtNW appears to be energetically very
similar to hydrogen adsorption on Pt(111) at the low coverage limit.
Studying hydrogen adsorption at the low coverage limit provides insight into the intrinsic aﬃnity of the material to bind hydrogen. However, it is crucial to additionally characterize the adsorption energetics
as a function of the hydrogen coverage (θ ) to evaluate the signiﬁcance
of lateral adsorbate-adsorbate interactions. Based on Fig. 10, all investigated Pt-containing systems demonstrate exergonic hydrogen adsorption, suggesting that the materials will continue to adsorb hydrogen
until an eventual saturation coverage is reached. This assumes that
there are repulsive interactions between the adsorbates, resulting in
weaker adsorption as the coverage increases. At the saturation coverage, hydrogen atoms at the surface are in a dynamic equilibrium with
both gaseous molecular hydrogen and protons in the electrolyte solution, thus indicating that the energetic prerequisite for eﬃcient electrocatalysis is met. Hence, to systematically characterize the hydrogen
adsorption energetics on the model systems, the formation energies and
the diﬀerential adsorption free energies of various adsorbate-substrate
conﬁgurations are estimated as a function of the hydrogen coverage.
The obtained results are illustrated in Fig. 11 and have been calculated
using the formalism outlined in the SI.
The formation energies presented in Fig. 11a reﬂect the change in
energy per unit area due to a given hydrogen adsorption process resulting in a certain coverage θ . The formation energies on the Pt/SWNT
models follow a very similar trend as a function of θ at sub-monolayer
coverages. This can be explained by the fact that in both cases hydrogen
adsorption occurs to bridge-sites in a similar local environment in the
center of the PtNWs. However, at coverages above 1 ML, the exposed
edge-sites on the truncated Pt/SWNT system start to adsorb hydrogen
preferentially, thus enabling further decreased formation energies at
the high coverage limit. On the periodic Pt/SWNT model, on the other
hand, the repulsion between hydrogen adatoms becomes very substantial at high coverages, resulting in a rapidly increasing formation
energy and thus destabilized surface structures. As a comparison, formation energies on the Pt(111) surface are consistently larger than for
both PtNW models, indicative of their higher reactivity compared to
bulk Pt.
Diﬀerentiating the formation energies in Fig. 11a with respect to the
hydrogen coverage and applying appropriate ﬁnite-temperature corrections (Table S5) including conﬁgurational entropy yields the

Fig. 7. Fourier transform of the experimental EXAFS spectra depicted in Fig. 6
for Pt foil, Pt/SWNT and Pt/SWNT-O3. Signals are calculated with no phaseshift correction applied.

Quickstep [47,48] quantum chemistry code at the RPBE/GGA [49]
level of theory. A comprehensive description of the computational
methodology is presented in the Supporting Information.
Based on the HAADF/STEM images shown in Fig. 2, both a periodic
PtNW wrapped around a (10,0) SWNT and a truncated PtNW were
constructed and their geometries were fully optimized with no applied
constraints (Fig. 9). We refer to these model structures as Pt/SWNT and
Pt/SWNT-O3, considering that the ozone-treated system is proposed to
contain shorter PtNWs and hence an increased edge-to-surface ratio. It
is emphasized that the adopted naming convention refers exclusively to
the experimental catalyst preparation methods and the resulting PtNW
lengths, in contrast to explicit consideration of oxygen in the model
systems. Although the experimental evidence of fully wrapped PtNWs is
not complete, we argue that this structure is justiﬁed based on thermodynamic considerations and the highly regular hexagonal structure
of the PtNW surfaces. Please see the Supporting Information for further
discussion on the employed structural models. Furthermore, the advantage of the chosen angularly periodic model structures is that a
complete decoupling of edge-eﬀects from the intrinsic activity of the
PtNW bulk surface is possible. Indeed, by deliberately excluding edgesites along the angular axis, the properties of a fully edge-free and a
truncated PtNW can be directly compared, enabling a more categorical
analysis of the importance of edge-sites on the catalytic activity.
To assess the HER activity of the PtNWs, the hydrogen adsorption
aﬃnity of both model systems was systematically characterized using
the method of atomistic thermodynamics introduced by Reuter and
Scheﬄer [50] and later extended to the context of electrocatalysis by
Nørskov et al. [51,52]. (see the Computational methods section in SI).
First, the reactivities of the periodic and truncated Pt/SWNT systems
were probed by studying the adsorption of a single hydrogen atom (low
coverage limit) and calculating the associated change in free energy. As
a reference, the calculations were repeated also for a pristine (10,0)
SWNT and the Pt(111) surface. The obtained free energy diagram is
presented in Fig. 10.
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Fig. 8. High-resolution XPS spectra and deconvolution of the a) Pt 4f region and b) O 1s region for Pt/SWNT and Pt/SWNT-O3.

once all sites in the PtNW center become saturated, thereby avoiding
increased repulsion between adsorbates.
The diﬀerence in adsorbate-adsorbate repulsion on the modelled
PtNWs can be tentatively used to assess the experimentally observed
variations in HER activity between the Pt/SWNT and the Pt/SWNT-O3
catalysts. Indeed, the rapidly increasing adsorption free energy on the
Pt/SWNT system signiﬁcantly limits the coverage region in which HER
catalysis may be considered eﬃcient from a thermodynamic point of
view. Furthermore, reactive species involved in the HER, namely solvated protons, must overcome a substantial interatomic repulsion as
they approach the Pt/SWNT surface for the reaction to proceed. This
has been previously proposed to also have and increasing eﬀect on the
associated activation barriers. [55] Also, considering the limiting case
discussed in the previous paragraph, if an abrupt discontinuity in the
adsorption free energy is observed precisely at the saturation coverage,
a good catalytic activity is very likely to be lost. Although the increase
for the continuous Pt/SWNT model appears to be continuous, it is
nevertheless ca. one order of magnitude more rapid than what is observed for Pt(111) and truncated Pt/SWNT-O3, which both exhibit approximately optimal |ΔG H | < 0.1 eV diﬀerential adsorption free energies in roughly 0.5 ML wide coverage windows.
Finally, to gain more insight into the electronic origin of the HER
activity of the studied systems, the Pt 5d and H 1s projected density of
states (PDOS) were calculated (Figure S18). The obtained PDOS reveal
that both Pt/SWNT models demonstrate d -bands that span the Fermi
level, indicative of a metallic character that corroborates the experimental results. Furthermore, employing the d -band theory of Hammer
and Nørskov, [56,57] the obtained d -band centers of the investigated
systems are found to correlate well with the preceding thermodynamic
analysis, thus further supporting the notion of active PtNW edge-sites.

diﬀerential free energy of hydrogen adsorption (Fig. 11b). For the Pt
(111) reference system, the change in free energy due to hydrogen
adsorption increases linearly in accordance with the Frumkin adsorption isotherm and the surface is observed to saturate at a coverage of
roughly 0.7 ML, which is well in line with previous experimental estimates. [54] The adsorption free energy continues to increase linearly as
the hydrogen coverage is incremented up until a full monolayer coverage, whereat all the preferential fcc hollow-sites are occupied. Adsorbing further hydrogen atoms to the next-most preferential top-sites
results in a signiﬁcant discontinuity in the diﬀerential adsorption free
energy, which is also evidenced by the cusp in the corresponding formation energy plot in Fig. 11a. That this discontinuity occurs after the
saturation coverage is reached supports the well-established fact that Pt
(111) is a good HER catalyst. Indeed, if the adsorption free energy
would exhibit an abrupt discontinuity at ΔG H = 0 eV the catalyst surface would always over- or underbind adsorbates and thus according to
the applied thermodynamic model have a low catalytic activity. Such a
behaviour is presumed to occur e.g. in the case of HER on single Pt
atoms decorated on SWNTs and is experimentally evidenced by a gradual current decay in the cathodic potential region. [26]
According to Fig. 11b, the diﬀerential adsorption free energy on the
periodic Pt/SWNT system is relatively constant at coverages below
0.8 ML, but past this point a very rapid increase in ΔG H occurs such that
the overall coverage dependence is well ﬁtted by a parabolic function.
The saturation coverage is roughly 1.1 ML, whereat the system is considered to fulﬁl the energetic prerequisite for HER activity. However,
comparing with the truncated Pt/SWNT-O3 model, a signiﬁcantly
weaker, linear coverage dependence that results in a higher equilibrium
hydrogen coverage of 1.4 ML is observed. This diﬀerence is again attributed to the exposed edge-sites, which optimally adsorb hydrogen
9
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Fig. 9. Optimized structures of the periodic (a,b) and truncated (c,d) Pt/SWNT models viewed along the radial (a, c) and axial (b, d) directions. Dark gray and light
gray spheres denote carbon and platinum atoms, respectively. To better visualize the underlying SWNT structure, a part of the Pt-atoms in (a) are shown as
transparent. The blue rectangles mark the boundaries of the periodically repeated simulation cell. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article).

loading (340 ng cm−2) on SWNTs. The ozone pre-treatment of the
SWNTs results in shorter PtNWs and improved electrocatalytic eﬃciency compared with a non-ozonized counterpart. The high eﬃciency
is attributed to a combined eﬀect of better surface wetting and diﬀerences in the PtNW morphology.
In particular, the ozone treatment leads to an increased number of
PtNW edge-sites with optimal hydrogen aﬃnity. DFT calculations
suggest that these edge-sites mitigate repulsions between hydrogen
intermediaries on the PtNW at high coverages. Thus, the hydrogen
coverage window within which the HER is thermodynamically feasible
is broadened, and tentatively also the kinetic barrier is decreased. The
proposed high activity of PtNW edges by the DFT calculations is in
accordance with the experimental observations demonstrating higher
mass activity of the sample containing shorter PtNWs on ozonized
SWNTs than the non-ozonized Pt/SWNT catalyst. Furthermore, the
ozone treatment also introduces polar surface groups on the nanotubes,
turning the catalyst more hydrophilic than its non-ozonized counterpart
and therefore more benign to hydrogen ions.
Our Pt/SWNT-O3 catalyst outperforms a commercial Pt/C reference
in the HER mass activity. In addition, Pt/SWNT-O3 is proven feasible as
the cathode catalyst of an electrolyzer, again approaching the activity
and exceeding the stability of a commercial state-of-the-art reference,
but with ten times less of precious Pt per electrode area. Because Pt/
SWNT-O3 can be prepared in a strikingly simple and upscalable
manner, this work provides an interesting starting point for both
manufacturing less costly PEM electrolyzers and for discovering other

Fig. 10. Free energy diagram of the HER on preferential sites of the studied
systems. In accordance with the computational hydrogen electrode (CHE)
scheme, the initial and ﬁnal states are assumed to be in a dynamic equilibrium.
The probed adsorption sites are the fcc hollow-site on Pt(111), the atop C-site
on the pristine (10,0) SWNT and various Pt-Pt bridge-sites on the PtNW systems.

4. Conclusions
We present a robust and upscalable three-step synthesis for preparing an unprecedented HER electrocatalyst with an ultralow Pt
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Fig. 11. Formation energy (a) and diﬀerential adsorption free energy (b) of hydrogen on the model PtNW systems and the Pt(111) reference. The results have been
calculated according to the scheme presented in the Methods section. In (b), the shaded area highlights an adsorption energy interval [-0.1,0.1] eV where the
energetic prerequisite for eﬃcient HER catalysis is approximately met.

high-impact electrochemical reactions to catalyze.
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