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DNA–cisplatin modified single-walled carbon
nanotubes for the hydrogen evolution reaction

R. Hendi,a K. Englert,b James H. R. Tucker, b Alex P. G. Robinsona and
Neil V. Rees*a

A three-component catalyst material has been developed for the hydrogen evolution reaction (HER) from

preformed DNA–cisplatin (cisPt) adducts functionalised on single-walled carbon nanotubes (SWCNTs)

under acidic conditions (pH 3). The DNA was used as a scaffold for platinum placement at ultra-low load-

ings, sourced from the anticancer drug cisplatin (cisPt). The SWCNTs were successfully functionalised

with DNA, cisPt, and DNA–cisPt adducts, with each evaluated for their catalytic performance for HER.

The dispersion efficiency of the nanotube functionalisation process was optimised as a function of the

molar ratio of SWCNT to DNA–cisPt and the sonication time employed, with 1 : 1 and 45 minutes respect-

ively proving optimal. Scanning Transmission Electron Microscopy (STEM) was used to study the resulting

changes to the surface morphology for each condition. Overall, the reaction time of the functionalisation

process had a greater influence on the resulting platinum nanocluster size than the employed molar ratio

of SWCNT to DNA–cisPt. Cyclic voltammetry measurements revealed that the highest mass activity for

the HER could be attained through functionalisation of SWCNTs with DNA–cisPt adducts as opposed to

with cisPt alone, validating the essential role of DNA in this catalyst design. The activity was found to cor-

relate to the Pt nanocluster size and distribution, which was optimal at a 1 : 1 molar ratio of SWCNT to

DNA–cisPt. The importance of the role of both the DNA and the SWCNTs was validated via the mass

activity measurements of the Pt, with the performance attained for the three-component SWCNT–DNA–

cisPt catalyst (18.4 ± 0.9 mA mg−1Pt) being higher than that for SWCNT–cisPt (11.9 ± 0.6 mA mg−1Pt),

DNA–cisPt (10.0 ± 0.5 mA mg−1Pt) and bulk cisPt (7.4 ± 0.4 mA mg−1Pt). The superior activity is consistent

with optimized Pt dispersion in the 1 : 1 SWCNT to DNA–cisPt combination. While the measured nano-

cluster size of the three-component system (1.23 ± 0.65 nm) is statistically similar to that of SWCNT–cisPt

(1.27 ± 0.46 nm) in the absence of DNA, the nucleic acid scaffold appears to promote more effective util-

ization of Pt active sites.

Introduction

Fuel cells represent a sustainable energy solution by converting
the chemical energy in fuels like hydrogen into electricity
through reactions with oxygen, producing only water as a by-
product.1 Hydrogen fuel cells are pivotal to achieving the
carbon target by 2050;2,3 however, large-scale commercializa-
tion is limited by material costs and challenges in hydrogen
production, storage, and transportation.4

The process of electrochemical water splitting can provide a
green and environmentally friendly means for an efficient and
sustainable method for hydrogen production. The electrolysis
of water, eqn (1), involves two half-cell reactions, the hydrogen

evolution reaction (HER), eqn (2), and the oxygen evolution
reaction (OER), eqn (3):

H2OðlÞ ! H2ðgÞ þ 1
2
O2ðgÞ ΔE° ¼ 1:23 V vs: NHE ð1Þ

HER

2HþðaqÞ þ 2e� ! H2ðgÞ ð2Þ
OER

2H2OðlÞ ! 4HþðaqÞ þ 4e� þ O2ðgÞ: ð3Þ
To efficiently produce hydrogen, kinetic barriers can be

minimized using suitable electrocatalysts such as the Platinum
Group Metal (PGM)-based catalysts. Platinum is a particularly
highly effective choice for HER, offering optimal hydrogen
binding energy and lower activation energy. However, the high
cost and scarcity of these PGMs remain the major obstacles to
large-scale deployment of hydrogen-based fuel cells.5 For
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example, for a polymer electrolyte membrane fuel cell stack,
the catalyst layer coated on its surface accounts for over 40% of
the overall cost.6 To overcome this issue, extensive research
has focused on reducing the cost of electrocatalyst materials
by minimizing platinum loading. Strategies include increasing
the number of active Pt sites, decreasing the thickness of the
catalyst layer to ≤25 µm, and synthesizing smaller Pt particles
(<10 nm) dispersed on carbon supports.7

Support materials are also critical in enhancing the catalyst
performance as they can facilitate a more uniform distribution
of the Pt metal single-atom catalysts, resulting in an improve-
ment in both metal utilization efficiency and reaction rate,
since more of the Pt active sites become accessible.5

Additionally, support materials can enhance catalyst durability
by modifying the electronic environment of the active sites
through strong metal–support interactions.8 Carbon-based
materials are the primary choice as support for Pt catalysts in
proton exchange membrane fuel cells9 as they offer both high
electrical conductivity and porosity, large specific surface area,
and strong interactions with the Pt.10 Moreover, carbon sup-
ports allow for the recycling of spent Pt catalysts, contributing
to a more sustainable use of this precious metal.10

Among alternative supports to conventional carbon-based
materials, carbon nanotubes (CNTs) have emerged as promis-
ing candidates for further improving catalytic efficiency and
reducing Pt loading.7 Ultra-small Pt nanoparticles are particu-
larly active for the HER; however, their high surface energy can
lead to aggregation and loss of activity over time. Stabilization
of these particles is essential, and one effective strategy involves
anchoring them onto defect-rich substrates. Single-walled
carbon nanotubes (SWCNTs) serve as ideal supports due to
their high surface area, excellent electrical conductivity, and
inherent chemical stability – attributes that have proven advan-
tageous across a range of electrocatalytic applications including
the effective stabilisation of ultra-small Pt nanoparticles, which
are otherwise prone to aggregation due to their high surface
energy.7,11 CNTs can be functionalised using various methods,
including electrochemical, physical/chemical deposition, both
with and without surface activation, and electroless deposition,
with or without reducing agents.12 Dispersing CNTs from
bundles is typically achieved via ultrasonication, which over-
comes van der Waals interactions.11 Metal deposition has been
demonstrated on both functionalized and unfunctionalized
CNTs. For example, Cu and Ag have been deposited on
SWCNTs and MWCNTs via electroless methods without redu-
cing agents13–25 or alternatively, bare Pt or Au nanoparticles
can spontaneously form on SWCNT sidewalls when immersed
in metal salt solutions.26 In fact, the integration of platinum
nanoparticles with SWCNTs and MWCNTs is well
reported,13,15,17,18,22,24,25 particularly in relation to fuel cell
applications like polymer exchange fuel cells, where Pt–CNT
composites are employed to enhance nanoparticle adhesion,
accessibility and dispersion for both the hydrogen evolution
and oxygen reduction reactions.

With the aim of further reducing platinum metal loadings
in catalytic materials for clean fuel and energy production, we

previously proposed a novel synthetic biology approach to
platinum nanostructure design involving the use of DNA as a
scaffold to precisely position metal atoms.27 The underlying
hypothesis was that spacing individual platinum atoms along
the DNA backbone would minimise undesirable nanoparticle
clustering and increase the number of exposed active sites
through the formation of multiple covalent adducts,27 thereby
enhancing the catalytic efficiency of the resulting material. In
order to achieve a controlled interaction with low platinum
loadings, the anticancer drug cisplatin (cisPt), [Pt(NH3)2Cl2],
was employed as the platinum source due to its well-character-
ized ability to form strong covalent complexes with DNA.28–32

This interaction primarily involves the formation of two intra-
strand Pt–N bonds between adjacent guanine bases at the N7
position, though other mono- and bidentate purine adducts
are also possible. The robustness of these covalent bonds is
critical in producing catalyst precursors with individually and
regularly spaced Pt atoms. Accordingly, we observed clear
trends in HER catalytic performance as a function of platinum
loading on DNA, highlighting the promise of this design
strategy.27

Given these promising results, we next considered that the
Pt distribution throughout the catalytic material might be
further improved by employing SWCNTs as anchoring sites for
the DNA–cisPt scaffold rather than a conventional carbon
support. The employment of CNTs functionalised with DNA is
not unprecedented, and has been reported for electrochemical
applications12,26,33–35 due to their high surface to volume ratio,
fast heterogeneous charge transfer and electrochemical stabi-
lity. Additionally, the combination of Pt nanoparticles with
CNTs and DNA together has also been explored in various
electrochemical applications, including DNA biosensors,36

DNA-templated Pt nanoparticle synthesis on SWCNTs28 and
nanostructured sensor arrays.37–39 Therefore, herein we
present the preparation and study of a three-component
hybrid nanostructured material, SWCNT–DNA–cisPt, as a cata-
lyst for the Hydrogen Evolution Reaction (HER). To assess the
effectiveness of this approach, control samples with SWCNTs
functionalised with either cisPt alone or DNA alone were also
prepared. For the SWCNT–DNA–cisPt system, different molar
ratios of the SWCNT to DNA–cisPt were tested, with the electro-
catalytic performance of each configuration evaluated. The
results indicate improved catalytic performance in the HER in
the form of higher mass activities for the three-component
SWCNT system over the two-component control systems.

Results and discussion
Optimisation of the reaction conditions for the
functionalisation process

The method used to prepare the three-component SWCNT
catalyst functionalised with DNA–cisPt, as well as those with
the individual adduct components alone, virgin salmon milt
DNA and cisPt respectively, are described in the Experimental
section provided in the SI. In order to prepare the three-com-
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ponent system, first we re-prepared the DNA–cisPt catalyst
according to our previously reported procedure,27 choosing a
DNA to cisPt molar ratio of 1 : 1 where our data had suggested
that all purine nucleobases were coordinated via mono- or
bidentate Pt–N adducts. We were able to reaffirm the reprodu-
cibility of the performance of the catalyst design at this Pt
loading, recording a similar onset potential at a current
density of 0.1 mA cm−2 (−0.6 V vs. SCE) and a similar mass
activity (10 mA g−1Pt).

Noncovalent SWCNT functionalisation to prepare each cata-
lyst followed the same procedure each time, which first
involved SWCNT dispersion in a 50% v/v IPA aqueous solution
through sonication for 90 minutes, followed by further soni-
cation in the presence of either cisPt (1 : 1 molar ratio), DNA
(1 : 1 molar ratio), or DNA–cisPt in an ice-water bath, with a
range of conditions investigated for the latter (vide infra). DNA
assemblies with CNTs are considered to be stabilised by π–π
stacking interactions via adsorption of the hydrophobic
nucleic bases of DNA onto the nanotube surface while the
hydrophilic sugar–phosphate backbone of DNA is left exposed
to the solvent,33,34 which solubilises the nanostructure in
water.35 It is worth noting that our preparation differed from a
related one reported by Ostojic et al.,40 where SWCNTs were
first wrapped with DNA, which was followed by binding with
cisplatin and potassium tetrachloroplatinate complexes, which
were then reduced to generate Pt nanoparticles on the DNA-
encapsulated SWCNTs. Our approach takes advantage of the
initial use of DNA to assemble and distribute the Pt complexes
beforehand, with the DNA acting as a scaffold, followed by its
interaction with the SWCNT support.

Several studies have investigated optimisation of dispersion
of CNTs as a function of DNA sequence, DNA length, soni-
cation time, type of CNT and solvent condition.26,33–39 For this
work, we identified two key experimental parameters as most
likely affecting the size and distribution of Pt nanoparticles on
the SWCNT support. The first was the sonication time used for
the functionalisation reaction between the SWCNT and the
DNA–cisPt adduct, and the second was the molar ratio
between the reactants. To monitor the changes of these para-
meters, both the catalyst morphology and nanoparticle size
was studied using STEM imaging, and the extent to which vari-
ations in each of these conditions impacted the electrocatalytic
performance for the HER at pH 3 was explored using cyclic vol-
tammetry. These parameters are crucial since the HER (eqn
(2)) is sensitive to the size, shape and crystal facets of the Pt
nanoparticles, which have a key role in determining the overall
catalytic performance. In particular, the morphology of the Pt
nanoparticles can expose different crystal planes, leading to
different atomic arrangements on the catalyst surface of dis-
tinct electronic and geometric structures.5

Ultrasound sonication time. Both ultrasound energy density
and sonication time have been shown to have a direct impact
on carbon nanotube structure,41 although the latter can result
in greater nanotube damage upon prolonged sonication. The
use of a broader sonicator tip or plate sonicators under such
conditions would allow for more complete dispersions while

minimizing damage.41 Alternatively, combining experimental
methods with theory via machine learning has been reported42

as a tool for predicting the outcomes of varying these ultra-
sonication parameters (energy density, time, and device type),
so that an optimal balance can be struck between effective dis-
persion and minimal damage to the nanotubes. Here, to study
the effect of sonication time on the dispersion of the three-
component SWCNT–DNA–cisPt system, a sufficiently large ratio
of SWCNT catalyst support was used (i.e. 2 : 1 SWCNT : DNA–
cisPt) to minimise substrate influence on catalyst distribution
and size. Sonication times of 15, 30, 45 and 90 minutes were
investigated. With the power input of the sonication probe
being 130 W, the energy supplied increased from 117 kJ to
702 kJ as the sonication time increased from 15 to 90 minutes.
Once synthesised, the samples were imaged under STEM to
compare and contrast their morphologies and analyse both the
size and distribution of the Pt particles within them.

The STEM imaging of the 2 : 1 SWCNT : DNA–cisPt catalyst
showed evident changes in the distribution of the cisPt (i.e. Pt)
on the SWCNT support as a function of sonication time
(Fig. S4 in the SI). For example, as the sonication time
increased from 15 to 90 minutes, the Pt distribution improved
significantly due to the breaking up of agglomerated Pt struc-
tures, compared to the larger areas occupied by these Pt
agglomerates at 15 minutes. The size of the area occupied by
Pt agglomerates could be estimated using ImageJ software, as
highlighted in Fig. S1, to reflect the distribution of Pt, i.e. the
smaller the area, the better the Pt distribution. At 15 minutes,
the average agglomerate size was 50.1 ± 24.2 nm (based on
11 measurements), while at 90 minutes it decreased to 12.3 ±
2.4 nm (based on 44 measurements, see Tables S2 and S3 in
the SI). The large standard deviation at 15 minutes suggests
that the sonication time was insufficient for achieving a
uniform Pt distribution across the catalyst surface.

Representative regions showing a uniform distribution of Pt
were selected to measure changes in Pt nanocluster size with
sonication time. The average nanocluster size was determined
from 30 to 161 measurements per condition (excluding single
atoms) and Particle Size Distributions (PSDs) were constructed
from these data (see Fig. S5–S8 in the SI). Fig. 1A suggests a
possible trend towards improved Pt distribution and a conse-
quently smaller nanoparticle size with increased sonication
time. Notwithstanding the relatively large standard deviations
(signal-to-noise being a particularly challenging issue),
meaning that the observed changes in particle size must be
interpreted with caution, a more notable reduction appears to
occur between 15 and 30 minutes of sonication, where the
average size decreases from 1.64 ± 0.76 nm to 1.32 ± 0.52 nm.
Beyond 45 minutes, only marginal differences, if any, are
found. Based on previous studies,43 it could be the case that
further increases in sonication time may result in one or a
combination of the following competing processes taking
place: (1) re-aggregation of the nanoclusters after their initial
break up by sonication; (2) the defects on the SWCNTs acting
as nucleation sites for Pt nanoparticle growth. The optimum
sonication time was therefore concluded to be 45 minutes.
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The electrochemical behaviour of the 2 : 1 SWCNT : DNA–
cisPt catalyst as a function of sonication time was investigated
for the HER. Cyclic voltammograms in 1 mM HClO4 and
100 mM NaClO4 (pH 3) electrolyte solution for each sonication
time (15, 30, 45 and 90 minutes) were run at a scan rate of
50 mV s−1. The influence of sonication time on the electro-
catalytic performance was measured as a function of the half-
wave potential (E1/2), which can be taken as a first approximation
of the formal potential of the electrode27 and the catalyst activity
i.e. current density, J (mA cm−2), which is measured based on
the geometric surface area of the working electrode. For both of
these parameters, an average (absolute) value was determined to
construct a plot to correlate these results with sonication time,
as shown in Fig. 1B and C respectively (the corresponding raw
data are provided in Table S5 of the SI).

Comparing Fig. 1A and B, there is clearly a more pro-
nounced change in E1/2 with sonication time than with Pt
nanocluster size for the first 30 minutes of sonication, with E1/2
decreasing from 0.78 ± 0.02 V to 0.68 ± 0.02 V (vs. SCE). Beyond
45 minutes, the changes become less significant. As also found
for the nanocluster size, the overall trend in catalyst activity
( Jmax) with sonication time, shown in Fig. 1C, must be treated
with caution due to the large standard deviations. However, the
data suggests that optimal activation conditions are reached by
a sonication time of 45 minutes. This is an improvement from

previous studies on the dispersion efficiency of CNTs by DNA
with repeating thymine residues, poly(T)30,

44 which found that
sonication times higher than 90 minutes were required to
obtain well-dispersed individual DNA-wrapped CNTs.
Increasing the sonication time to 120 minutes increased the
dispersion efficiency, but decreased the size of the CNTs,
suggesting that they break during long sonication periods.44

Molar ratio of SWCNT : DNA–cisPt. Next the effect of
different catalyst support loadings in the three-component
catalyst system was investigated for Pt nanocluster size, half-
wave potential (E1/2) and the maximum current density ( Jmax).
Four different molar ratios (x : 1, where x = 0.5, 1, 2, and 4) of
SWCNT to DNA–cisPt were prepared and studied at the identi-
fied optimal sonication time of 45 minutes. Once again, the
surface morphologies of the prepared materials were assessed
using STEM imaging characterisation following the same
methods described above. The average nanocluster size was
found from the measurements (single atoms were excluded
from the analysis), from which the particle size distributions
(PSD) were constructed for each of the different catalysts fabri-
cated, as provided in Fig. S5–S8 in the SI. It was expected that
increasing the ratio of SWCNT to DNA–cisPt should result in
an improved Pt distribution (i.e. smaller Pt nanoclusters), due
to the larger surface area available to support the DNA–cisPt
catalyst. However, the results showed that increasing the ratio

Fig. 1 The changes in the: (A) average platinum nanocluster size (diameter, nm), (B) (absolute) half wave potential (E1/2), (C) maximum (cathodic)
current density, Jmax (mA cm−2) with sonication time for the HER (1 mM HClO4 and 0.1 m NaClO4) pH = 3, at 50 mV s−1 for the 2 : 1 SWCNT : DNA–
cisPt/Glassy Carbon (GC) modified working electrode surface. The data were derived from a minimum of 3 experiments.
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beyond 1 : 1 resulted in no significant change in the nano-
cluster size, i.e. 1.23 ± 0.65 nm at 1 : 1 vs. 1.23 ± 0.58 nm at 2 : 1
SWCNT : DNA–cisPt (Fig. 2A), indicating that a ratio of 1 : 1
catalyst to support was sufficient for achieving an optimum
distribution of the Pt nanoclusters for these reaction
conditions.

The electrochemical behaviour of the x : 1 SWCNT : DNA–
cisPt catalyst was also evaluated as a function of molar ratio of
the SWCNT to DNA–cisPt for the HER, in 1 mM HClO4 and
100 mM NaClO4 using cyclic voltammetry at a voltage scan rate
of 50 mV s−1. The resulting half-wave potential (E1/2) and
maximum current density values ( Jmax) (mA cm−2) are dis-
played in Fig. 2B and C respectively. Notwithstanding the large
standard deviation for the 1 : 1 ratio, a correlation is apparent
between the molar ratio of the SWCNT : DNA–cisPt and the
E1/2 value, with a minimum value observed at a ratio of 2 : 1. In
terms of electrocatalytic activity, increasing the molar ratio of
the SWCNT : DNA–cisPt from 0.5 : 1 to 1 : 1 reveals an enhance-
ment in the average current density, reaching a maximum of
approximately 650 µA cm−2. However, further increases in the
ratio to 2 : 1 and 4 : 1 give a decline in the average activity, with
current densities plateauing around 50 µA cm−2. This trend is

consistent with the minimal changes observed in Pt nano-
cluster size beyond the 1 : 1 ratio.

Overall, while the initial increase in SWCNT content likely
improves conductivity and facilitates better Pt dispersion,
further additions appear to dilute the presence of the Pt active
sites, resulting in a less favourable performance ( Jmax). These
findings suggest that a 1 : 1 SWCNT : DNA–cisPt ratio at a soni-
cation time of 45 minutes provides an optimal balance
between catalyst to support loading, enabling efficient Pt dis-
persion and maximal catalytic activity. This is in agreement
with previous observations made by Taeger et al.,45 who found
that the best dispersion efficiency is achieved at DNA : CNT
ratios of 1 : 1 or 1 : 2, while the latter minimizes the amount of
unbound DNA. A catalyst size of 1.23 ± 0.65 nm achieved at a
1 : 1 molar ratio of SWCNT to cis-Pt suggests that a sufficient
number of active catalytic centres are available to accept
protons for the HER, which requires on average 5 platinum
atoms for the reduction of the protons to molecular hydro-
gen20 (in acidic conditions). However, the direct correlation
between catalyst size and catalytic performance is a challen-
ging phenomenon, since decreasing the particle size can also
change the electronic properties and shape of the particles

Fig. 2 The changes in the: (A) average platinum nanocluster size (diameter, nm) (B) (absolute) half wave potential (E1/2), (C) maximum (cathodic)
current density, Jmax (mA cm−2) with the ratio of (x : 1) SWCNTs to DNA–cisPt/GC working electrode prepared at the optimum sonication time of
45 minutes for the HER (1 mM HClO4 and 0.1 M NaClO4) pH 3, at 50 mV s−1. The average Jmax, E1/2 and standard deviation errors were calculated
using a minimum of 3 datapoints.
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and consequently catalytic behaviour. For example, for particle
sizes made up of ≤100 atoms, a ‘non-scalable regime’ is
reached, where drastic changes are observed with each atom
removed.46 Even then, when ultra-low loadings of Pt are used
for the HER/HOR (in acidic conditions), the mass-transport
limitations of the reaction make the assessment of true intrin-
sic activity of Pt challenging, as described elsewhere.47

Therefore a true ideal catalyst size may be difficult to find and
instead for Pt nanoclusters, a maximum in mass-specific
activity is measured for particle sizes between 1.5 nm and
3.0 nm.46

Comparison of morphology and particle size distribution

With the optimal reaction conditions identified for the
functionalization process of the SWCNT support with DNA–
cisPt, i.e. a sonication time of 45 minutes and a molar ratio of
1 : 1 of support to catalyst, it was decided to conduct compara-
tive studies involving other Pt-containing materials (SWCNT–
cisPt, DNA–cisPt and cisPt alone) to establish the effect of
different catalyst configurations on morphology and particle
size distribution.

To begin with, STEM imaging and particle size distribution
(PSD) analyses were performed to examine the morphology
and dispersion of Pt on the SWCNTs, with the PSD provided in
the SI. During STEM imaging, no noticeable migration or sin-
tering of Pt atoms was observed under a 200 keV electron

beam, suggesting strong immobilization of Pt on the SWCNT
surface. Fig. 3A shows the starting SWCNTs free of metallic
impurities, providing a high surface area that facilitates
effective Pt dispersion and enhances the accessibility of active
sites. Fig. 3B–F demonstrate that both Pt single atoms and
nanoclusters of varying sizes can be observed in each of the
catalysts prepared. The SWCNTs have packed together in an
ordered arrangement to form a bundle, with numerous Pt
nanoparticles dispersed along these bundles following the
functionalisation process with cisPt (Fig. 3A vs. 3D). To gain
insight into the Pt particle size and distribution on the
SWCNTs, higher magnifications were employed to focus more
closely on these bundles to visualise the Pt nanoparticles and
atoms. The average nanocluster size for each material was cal-
culated using at least 50 data points (excluding single atoms),
and Particle Size Distributions (PSDs) were subsequently con-
structed from these data.

The effect of using SWCNTs as a support material for the
DNA–cisPt can be better understood by comparing the nano-
particle size distribution of the Pt before and after the SWCNT
functionalisation process. For example, in the case of the
DNA–cisPt complex, a visibly reduced degree of agglomeration
was observed after functionalization with SWCNTs (Fig. 3B vs.
3C, corresponding to with vs. without functionalisation
respectively), indicating a more uniform distribution of Pt.
This improved dispersion is further supported by the

Fig. 3 HAADF STEM images of (A) SWCNT × 100k magnification, (B) SWCNT–DNA–cisPt (1 : 1 molar ratio) × 10 million magnification, (C) DNA–
cisPt × 600k magnification, (D and E) SWCNT–cisPt × 100k and × 3 million magnification respectively, (F) cisPt (1 mM) × 8 million magnification. All
films were drop cast from 3 µL solutions of holey carbon TEM grids.
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reduction in average Pt nanocluster size, which decreased
from 1.77 ± 0.86 nm to 1.23 ± 0.65 nm following SWCNT
functionalization (see SI), although the large standard devi-
ations must again be noted. In the case of bulk cisPt, a higher
ratio of single atoms to nanoclusters was observed following
SWCNT functionalization (1 mM, at a molar ratio of 1 : 1) as
shown in Fig. 3E vs. 3F, again suggesting reduced Pt clustering
and a better distribution of the Pt in the presence of the cata-
lyst support. Interestingly, the functionalisation process of
SWCNT with DNA–cisPt adducts indicated a higher ratio of
atoms to clusters compared to that in the absence of DNA
(Fig. 3B vs. 3E). However, both processes resulted in similar
average Pt nanocluster sizes (1.23 ± 0.65 nm vs. 1.27 ± 0.46 nm
respectively).

Comparison of electrocatalytic performance towards the HER

Voltammetric responses towards the HER for the various can-
didate materials cast on glassy carbon (GC) are presented in
Fig. 4A. The potential (E) is a fundamental parameter in elec-
trocatalysis; however, the rate of the reaction does not necess-
arily increase uniformly across different potentials. In other
words, the reaction rate at potential E1 may differ significantly
from that at E2, even if both are within the same operational
range. Hence, for comparison of the catalysts explored in this
study, the potential required to achieve a current density of

−0.1 mA cm−2 vs. SCE (Fig. 4B) was selected as a benchmark
for evaluating electrocatalytic performance. In addition, the
mass activity (mA mg−1pt) of the catalyst film based on the Pt
loading on the working electrode surface (see Table S1 in SI)
was obtained to draw further comparisons, as illustrated in
Fig. 4C.

A comparison of the materials in the absence of platinum
revealed some interesting trends. Functionalization of
SWCNTs with DNA resulted in a better electrocatalytic
response towards the HER when compared to DNA alone. This
is evidenced by a less negative onset potential required to
reach a current density of 0.1 mA cm−2, shifting from −1.4 V
for DNA to −1.1 V (vs. SCE) for SWCNT–DNA, as shown in
Fig. 4B. This improvement may be due to changed charge
transfer kinetics facilitated by the sp2 hybridized carbon
bonds within the CNTs. However, when comparing SWCNT to
the SWCNT–DNA, the latter exhibited a more negative onset
potential. This can be attributed to the inherently low conduc-
tivity of DNA,17 which reduces the efficiency of electron trans-
fer between the catalyst film (SWCNT–DNA) on the electrode
surface and the H+ redox probe in solution.

On the other hand, functionalisation of SWCNTs with cisPt
enhanced their electrochemical response, lowering the onset
potential (at a current density of 0.1 mA cm−2) from −0.81 V to
−0.60 V (vs. SCE) (Fig. 4B). This shifts the catalyst behaviour

Fig. 4 (A) Voltammetry response for the HER for seven materials including SWCNT–DNA–cisPt (1 : 1 molar ratio) cast on glassy carbon (GC) (d =
3 mm) at 50 mV s−1 (1 mM HClO4, 0.1 M NaClO4); (B) absolute onset potential at −0.1 mA cm−2 for the named catalyst; (C) the corresponding
average mass activity of the catalyst defined based on its Pt content for the HER.
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closer towards that of bulk cisPt, which exhibited the lowest
onset potential of −0.40 V vs. SCE (Fig. 4B). This favourable
change in the electrocatalytic performance of the SWCNT
can be better understood by looking at the electron transfer
that takes place upon the deposition of Pt nanoparticles
onto carbon nanotubes, which has been well reported.17

The process involves the provision of 5d electrons to the nano-
tubes’ valence band, increasing the electron density at the
Fermi level.17 Furthermore, Dobrzańska-Danikiewicz et al.17

reported that the hybridization state of carbon in Pt-
decorated CNTs remained unchanged with varying Pt concen-
trations.17 We propose this as an explanation for our obser-
vations, in which bulk cisPt outperforms SWCNT–cisPt despite
the latter exhibiting better Pt distribution. Functionalisation
of cisPt with SWCNT, DNA, or both these materials (in the
case of the three-component catalyst 1 : 1 SWCNT : DNA–cisPt),
raises the onset potential in turn, with the latter giving
the highest value of −0.72 V (Fig. 4B). However in terms of
mass activity of Pt, the three-component SWCNT–DNA–cisPt
catalyst exhibited the highest performance (18.4 ± 0.9 mA
mg−1Pt) followed SWCNT–cisPt (11.9 ± 0.6 mA mg−1Pt), DNA–
cisPt (10.0 ± 0.5 mA mg−1Pt) and bulk cisPt (7.4 ± 0.4 mA
mg−1Pt).

In order to explain this superior activity for the three-com-
ponent system, it is worth noting that the measured average Pt
nanocluster size (1.23 ± 0.65 nm) for this assembly is statisti-
cally the same as that in SWCNT–cisPt (1.27 ± 0.46 nm),
showing that the significant enhancement in the electro-
catalytic response cannot be due to differences in nanocluster
size. Instead, the enhancement is most likely due to a synergis-
tic effect of the DNA, in anchoring Pt atoms, and the SWCNTs,
in enhancing the dispersion of the Pt–DNA adducts respect-
ively, consistent with previous reports.40,48 In one particular
previous example involving Pt and DNA,48 improved electro-
catalytic activity for the oxygen reduction reaction for a Pt/
DNA–graphene oxide (GO) composite was found to arise from
Pt–GO interactions that tuned the Pt d-electron density and
strong DNA–GO binding that boosted conductivity and cor-
rosion resistance, enabling faster transport of reaction species.
The Pt nanoparticles were additionally stabilized by coordi-
nation to purine moieties in DNA and to graphene. In our
case, the DNA scaffold appears to promote more effective util-
ization of Pt active sites, consistent with the enhanced mass
activity of the Pt metal measurements.

These new findings validate the use of DNA as a means of
anchoring the Pt atoms and nanoclusters at ultra-low loadings,
as demonstrated in our previous work,27 while the SWCNT acts
as a high surface area support that provides defect sites to
improve the dispersion and localisation of Pt atoms. STEM
imaging characterisation further validates the effectiveness of
this catalyst design, as much less agglomeration can be
observed in the SWCNT–DNA–cisPt catalyst compared with
DNA–cisPt alone. Importantly, the absence of DNA, as in the
material SWCNT–cisPt, leads to a reduced mass activity of the
Pt, highlighting the critical role of DNA in improving Pt site
accessibility.

Conclusion

In this study, we present a simple, non-covalent strategy for
functionalizing single-walled carbon nanotubes (SWCNTs)
with a DNA–cisPt complex to fabricate an efficient platinum-
based electrocatalyst for the hydrogen evolution reaction
(HER) under acidic conditions (pH 3). DNA acts as a molecular
scaffold to effectively disperse Pt atoms via their complexation
as cisPt adducts, before exposure to the SWCNT support, with
this approach outperforming the direct functionalisation of
cisPt in the absence of DNA. Optimal conditions were achieved
with 45 minutes of sonication for the functionalisation
process and a 1 : 1 molar ratio of SWCNT to DNA–cisPt, result-
ing in the highest Pt mass activity (18.4 mA mg−1Pt), among all
tested configurations.

These results validate the effectiveness of the initial catalyst
design proposed which uses DNA for Pt anchoring and the
SWCNTs as a high surface area support for these structures,
with defect sites to localize the Pt atoms. STEM analysis con-
firmed that even though the average Pt nanocluster size is com-
parable to that obtained when cisPt is directly dispersed on to
SWCNTs, the inclusion of DNA is key for achieving an
enhanced performance of the Pt, as evidenced by the higher
mass activity. This highlights the crucial role of DNA in enhan-
cing Pt site accessibility, which is indicative of a synergistic
effect, extending beyond solely a catalyst dispersion effect.

This work presents an innovative and simple approach for
fabricating precious metal-based electrocatalysts, with our find-
ings providing evidence for the crucial role of DNA in improving
Pt surface accessibility and HER activity, outperforming SWCNTs
alone. The improved utilization of this precious metal at ultra-
low loadings, as evidenced by the mass activity measurements, is
of significance for advancing fuel cell technologies and sustain-
able energy systems. Future work may focus on pretreatment of
the DNA scaffold to enhance its electrical conductivity and
exploring even lower Pt loadings to further lower material costs
while maintaining or improving catalytic performance.
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