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A B S T R A C T

Pulsed potential (PP) electrodeposition was utilized for the first time to fabricate three-dimensional (3D) plat
inum (Pt) nanostructures within phytantriol-based double diamond cubic templates, both with or without 20 % 
w/w Brij-56 as a pore swelling agent. Unlike conventional direct potential (DP) deposition, the PP approach 
yielded Pt nanostructures with markedly enhanced uniformity and superior lattice ordering. Small Angle X-ray 
Scattering (SAXS) revealed that PP-grown structures exhibited sharp, well-defined Bragg peaks corresponding to 
lattice parameters of 134.2 ± 2.1 Å without Brij-56 and 236.7 ± 2.5 Å with 20 % w/w Brij-56, whereas DP- 
grown structures showed broader, less distinct peaks with smaller lattice parameter (130.7 ± 1.9 Å and 197.1 
± 2.8 Å, respectively). Notably, In-situ SAXS measurements provided real-time insights into the evolution of 3D 
Pt nanostructures, enabling direct monitoring of orientational and lateral ordering within the templated phases. 
High resolution SEM further confirmed the superior quality of PP-grown structures, revealing highly ordered 3D 
nanowire network with uniform pore sizes of 89.5 ± 1.3 (without Brij-56) and 102.0 ± 0.7 Å (with 20 % w/w 
Brij-56). Overall, these findings highlight the effectiveness of PP electrodeposition in mitigating structural in
homogeneities, establishing it as a powerful strategy for fabricating well-ordered 3D Pt nanostructures.
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1. Introduction

Lyotropic liquid crystalline phases of lipid amphiphiles can act as 
structure-directing agents to guide the formation of well-ordered 
nanostructured inorganic or metallic materials. Once the desired ma
terial has been deposited either chemically or electrochemically within 
the lipid template, the lipid can be removed, leaving behind a nano
structured material that retains the ordered framework of the original 
lipid template [1–3]. This approach offers a versatile method for fabri
cating nanostructures with distinct geometries whose pore size can be 
precisely controlled, making them promising candidates for many po
tential applications in catalysis, sensing, energy storage, and nano
technology [4–6]. Recently the use of bicontinuous lipid cubic phases of 
phytantriol has emerged as an attractive route for the fabrication of 
robust periodic nanoarchitectures that were found to be stable in 
different environments [3,7].

In the present work we report the first results of highly ordered 3D 
nanostructures of Pt with enhanced lattice ordering and uniformity that 
were electrochemically deposited via pulsed deposition from 
phytantriol-based bicontinuous lipidic cubic phases in the presence and 
absence of Brij-56. This is in contrast to earlier studies which employed 
direct electrodeposition to produce Pt nanostructures with single dia
mond morphology [3]. The addition of 0 to 20 % Brij-56 (w/w) in 
phytantriol was found to reduce the interfacial curvature of the lipid 
bilayer in the template under excess hydration conditions [2], leading to 
a swelling of its lattice parameter and to that of the deposited Pt mate
rial. It was further reported that the addition of more than 15 % (w/w) of 
Brij-56 to the phytantriol template mixture resulted in the broadening of 
the Small Angle X-ray Scattering (SAXS) peaks of the nano-templated Pt 
material. This peak broadening was attributed to the material’s in
homogeneity. In addition the relationship between the Pt lattice 
parameter and that of the phytantriol template, a(Pt) = 2 x a(QIID), was 
not maintained when using the swollen template [2]. A study conducted 
by Richardson et al. confirmed the inhomogeneity of Pt when grown by 
direct electrodeposition through a phytantriol/Brij-56 template [7].

Controlling atomic defects and achieving structural uniformity re
mains a significant challenge when DP deposition is employed. In 
contrast, PP deposition has emerged as a more effective approach for 
reducing roughness and improving the morphology of deposited mate
rials, particularly in template assisted systems [8–14]. For instance, PP 
deposition has enabled the uniform filling of template pores, leading to 
the fabrication of highly ordered, ultra-long metal nanowires [13,15]. It 
has also facilitated the growth of stable, vertically aligned cylindrical 
single crystals of copper with high aspect ratios, as well as single crys
talline antimony nanowires [14,16]. Furthermore, PP deposition pro
vides precise control over the structure, composition, and crystallinity of 
the deposited material [10,13–15,17]. Key deposition parameters such 
as pulse time and deposition potential governs the nucleation rate, 
particle size, and morphology [18], while the resting time between 
pulses strongly influences the homogeneity of the resulting nanowires 
[15]. Pulsed potential deposition has also been applied previously to 
control the morphology of Pt nanostructures [19,20]; however, this 
study represents the first demonstration of its use to fabricate 3D Pt 
nanostructures within soft templates, establishing a key novelty of our 
work.

In the present study, we employed a cathodic pulse during PP to 
promote the creation of a high density of nucleation sites, while keeping 
the pulse duration short enough to prevent depletion of Pt cations near 
the electrode surface. The electrodeposition of Pt from hexa
chloroplatinic acid (HCPA) proceeds according to the following redox 
reaction: 

PtCl2−6 +4e− →Pt(s)+6Cl−

Each cathodic pulse was followed by a resting pulse to allow 
replenishment of cations, and the cycle was repeated until the desired 

amount of material had been deposited. A schematic of this process that 
illustrates Pt growth within the aqueous channels of the phytantriol 
template using pulsed electrodeposition is shown in Fig. 1.

Although pulsed electrodeposition has been used to tailor the 
morphology of Pt films and nanowires, its application within lyotropic 
cubic phase templates of phytantriol to yield three-dimensional single- 
diamond Pt nanostructures has not been demonstrated previously. This 
work represents the first integration of pulsed electrochemical control 
with soft templating, enabling enhanced structural fidelity, orientation, 
and ordering compared to prior direct-potential deposition approaches.

The highly ordered, high-surface-area Pt nanostructures produced 
here are particularly attractive for electrocatalysis (e.g., oxygen reduc
tion and hydrogen evolution), plasmonic sensing, and energy storage 
devices such as micro-supercapacitors. The improved structural unifor
mity achieved by pulsed deposition can enhance catalytic turnover and 
long-term stability compared with conventionally deposited Pt films.

2. Results and discussion

We will refer to samples of phytantriol, with and without 20 % Brij- 
56 (w/w) as swollen and unswollen templates respectively. The tem
plates were prepared as thin films on gold (Au) DVD substrates which 
were placed inside an electrochemical cell that was filled with excess 
hexachloroplatinic acid (HCPA) solution for SAXS analysis on beamline 
I22 at Diamond Light Source. SAXS patterns shown in Fig. 2 reveal Bragg 
peaks in the ratio of √2, √3, √4, √6 which can be indexed to a Pn3m 
space group. This confirmed that both swollen and unswollen templates 
formed a double diamond cubic phase (QII

D). Important parameters 
extracted from the SAXS pattern are summarised in Table 1 which agrees 
well with existing literature values [2]. The water channel width is 
estimated by using the formula dw = 2(0.391a(QII

D)-l), which increased 
from 2.7 nm ± 0.2 with no addition of Brij-56 to 7.2 ± 0.3 nm when 20 
% Brij-56 is present.

PP deposition of Pt within the template was carried out by applying a 
potential of +0.4 V vs SCE for 0.3 s, during which no deposition occurred 
(referred to as the ‘off pulse’). This was followed by applying a potential 
of − 0.245 V vs SCE for 0.1 s, at which Pt deposition took place (referred 
to as the ‘on pulse’). For comparison, a number of Pt films were also 
produced by applying a constant potential of − 0.245 V vs SCE using DP 
deposition. SAXS was performed on the resulting Pt films to analyse 
their structure. The 1D integrated SAXS patterns are shown in Fig. 3 and 
the results extracted from these are summarised in Table 2.

Fig. 3a reveals that Pt nanostructures grown by PP from a QII
D tem

plate (in the absence of Brij-56) exhibited three Bragg peaks with a peak 
ratio of √3, √8, and √11. These peaks can be indexed to a single dia
mond phase with a space group Fd3m. The unit cells are approximately 
twice as large as those of the original template, irrespective of the 
deposition method used. This structure forms as the Pt metal selectively 
fills one of the two aqueous channels present within the template, 
resulting in asymmetric deposition. This has previously been observed in 
the deposition of Pd [21], Bi2S3 [22], and Pt. [3]

The lattice parameter values of Pt nanostructures fabricated by DP 
and PP deposition from unswollen templates, are estimated to be 130.7 
± 1.9 Å and 134 ± 2.1 Å, respectively. In both cases, the lattice 
parameter can be calculated using a(Pt) = 2 × a (QII

D) = 138 Å, consistent 
with previous report [3]. The estimated pore sizes for these unswollen 
templates were 68.5 ± 1.1 Å for DP and 69.7 ± 0.5 Å for PP deposition, 
indicating slightly larger and more uniform pores under pulsed deposi
tion. For swollen templates, DP deposition yielded a lattice parameter of 
197.1 ± 2.8 Å, which is 23 % smaller than the expected value of 254 Å (a 
(Pt) = 2 × a(QII

D) = 2 × 127 Å), indicative of significant structural de
viations likely caused by the swelling agent. The corresponding pore size 
was 89.5 ± 1.3 Å, reflecting both lattice shrinkage and broader pore size 
distribution compared to the template. Although the precise cause is 
unclear, previous studies suggest that under excess hydrated, tempera
ture increases can reduce the unit cell size of the QII

D phase [23]. 
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Localized heating during electrodeposition, combined with the 
increased flexibility of phytantriol-Brij-56 mixtures, likely contributes to 
this shrinkage [1,7]. The presence of 20 % w/w Brij-56 is known to in
crease deposition current sixfold and enhance water channels diffusion 
sevenfold [2], potentially intensifying localized heating during DP 
deposition and leading to a reduction in the lattice parameter of the 
deposited Pt.

In contrast, PP deposition, in which the deposition potential is 
applied in short bursts followed by resting periods, governs the transient 
kinetics of nucleation and diffusion differently compared to DP deposi
tion. This allows more controlled and uniform growth even in the 
presence of Brij-56. As a result, Pt nanostructures grown by PP deposi
tion exhibited a lattice parameter of 236.7 ± 2.5 Å, much closer to the 
expected value of 254 Å, with an estimated pore size of 102 ± 0.7 Å. The 

narrow standard deviation in pore size under PP deposition demon
strates more uniform and well-defined channels compared to DP depo
sition, highlighting the method’s ability to maintain structural fidelity 
even in swollen templates.

In the SAXS patterns shown in Fig. 3(a), 3D Pt nanostructures grown 
from unswollen templates via DP deposition revealed only two Bragg 
peaks (√3, √8), whereas Pt grown using PP deposition clearly revealed 
three distinct peaks (√3, √8, √11). Further, the SAXS peaks of the Pt 
nanostructures grown via DP deposition are broader compared to those 
grown by PP deposition. The FWHM values for the √3 reflection of the 
Pt nanostructures grown by PP and DP deposition respectively are pre
sented in Table 3. The FWHM values are significantly smaller for the Pt 
nanostructures grown via PP deposition. This is more noticeable in Fig. 3
(b), where Pt nanostructures are grown from swollen templates.

Fig. 1. a) Working electrode coated with thin film of cubic template, b) zoomed in image from boxed area of b showing 3D network of aqueous channels of double 
diamond cubic template, c) a current-time transient of first three cycles of Pt electrodeposited onto a Au-DVD electrode coated with phytantriol containing 20 % Brij- 
56 with a 0.1 s on pulse of − 0.245 V vs SCE and an off pulse of 0.3 s at 0.4 V vs SCE from an 8 wt% HCPA solution, d) deposition of Pt during on pulse, e) con
centration recovery during off pulse, f) Pt growth in subsequent on pulse.
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Peak broadening may result from finite domain size effects, as 
described by the Scherrer equation [24], or from lattice parameter 
variations within the sample, leading to a distribution of lattice spacings 
[1]. These causes can be distinguished by analyzing peak widths: 
domain size effects produce consistent broadening across all peaks, 
while lattice variations cause greater broadening at higher scattering 
angles, with width increasing with peak position. Akbar et al. [2] first 
identified peak broadening in SAXS patterns for Pt nanostructures 
grown through swollen templates via DP deposition, attributing this 
effect to variations in the lattice parameter throughout the sample. They 
observed that the widths of the √3 and √8 reflections were inconsistent 
and increased approximately by 1/d, strongly suggesting that in
homogeneity within the sample was the cause. We have achieved much 
greater uniformity in lattice parameters for the Pt nanostructures when 
grown by PP deposition, as evidenced by the sharper, more distinct 

SAXS peaks, the appearance of higher order Bragg reflections, and 
narrower FWHM values. This is also evidenced by the pore size distri
bution. Variation in the pore size is much more prominent in the DP 
grown structures whereas PP grown structures show less variation in 
pore size distribution.

To simultaneously monitor the growth of Pt within the template 
during the deposition process, in-situ SAXS measurements were carried 
out on beamline I22 at Diamond Light Source using a custom-made 3D 
printed electrochemical cell. Fig. 4 shows 1D integrated SAXS images of 
Pt electrodeposited from swollen and unswollen templates when a 
steady potential of − 0.245 V vs SCE was applied (DP mode) and when 
pulses were applied (PP mode) at different times. Initially, before any 
potential is applied, both Pt nanostructures revealed only the lipid sig
nals, with √2, √3, √4, and √6 Bragg peaks corresponding to the 
double diamond phase of space group Pn3m. In case of the unswollen 
templates (cf. Fig. 4a), the lattice parameter of the QII

D template is esti
mated to be 69.2 ± 0.2 Å, whilst for the swollen templates (Fig. 4b), it is 
larger at 127.0 ± 0.3 Å. After applying on-pulses at − 0.245 V for 0.1 s 
and off-pulses at 0.4 V vs SCE for 0.3 s for more than 700 cycles, a new 
peak appears in both cases, indicating the growth of Pt within the 
template. For unswollen templates, a peak emerges at q = 0.087 Å− 1, 
corresponding to the √3 reflection of the single diamond structure 
(Fd3m space group), with an estimated lattice parameter of 134.2 ± 2.1 
Å. In contrast, for swollen templates, the new peak appears at q = 0.048 
Å− 1, which may also be attributed to the √3 reflection of the single 
diamond structure, however exhibiting a larger lattice parameter of 
236.7 ± 2.5 Å.

As the deposition progresses, higher order Bragg peaks appear 
indicating the clear formation of a single diamond structure in both 
cases. For unswollen templates, with deposition cycles exceeding 1000, 
the √8 and √11 Bragg peaks become distinguishable at q = 0.135 Å− 1 

and q = 0.164 Å− 1, respectively. For swollen templates, after more than 
1400 deposition cycles, the √11 Bragg peak becomes evident at q =
0.076 Å− 1. In both cases, the intensity of the double diamond phase 
peaks diminishes whilst the peaks for the single diamond structure are 
amplified, confirming the formation of a Fd3m symmetry, where the Pt 
grows as a single diamond structure rather than through the lateral shift 
of two networks in a double diamond configuration after template 
removal [25]. This study also represents the first report in which higher 
order Bragg peaks in the SAXS profiles for single diamond Pt grown from 
phytantriol QII

D templates were observed. Previously, the structure 
symmetry was assumed to be based on the first peak for each phase, as 
no additional reflections were observed that could have further helped 
to identify the phase [2].

Fig. 2. 1D integrated SAXS patterns of phytantriol with differing amounts of 
Brij-56 in excess HCPA solution recorded at room temperature.

Table 1 
A table reporting the key results from SAXS of phytantriol and Brij-56 mixtures 
in excess HCPA conditions.

Template Phase Lattice parameter 
a (Å− 1)

Water channel width 
(nm)

Unswollen QII
D 69.2 ± 0.2 2.7 ± 0.2

Swollen QII
D 127.0 ± 0.3 7.2 ± 0.3

Fig. 3. 1D integrated SAXS patterns of Pt electrodeposited through (a) unswollen and (b) swollen phytantriol/Brij-56 templates using direct potential (DP) and 
pulsed potential (PP) regimes. Reflections are indexed to the single-diamond (Fd3m) structure, with peak ratios of √3, √8, and √11. The sharper, higher-order peaks 
observed for PP deposition indicate improved long-range order and structural uniformity compared to DP.
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For comparison, Pt structures were also grown via DP deposition 
using swollen and unswollen templates. SAXS images recorded over 
time revealed the progression of Pt growth in unswollen (Fig. 4c) and 
swollen (Fig. 4d) templates. For the unswollen templates, only the first 
Bragg peak √3 is visible at deposition times greater than 2 min, and this 
peak is significantly broader, reflecting an increase in FWHM value. The 
higher order scattering peak √8 is weak, and difficult to distinguish, 
suggesting a poorly ordered nanostructure with a lack of long-range 
order. In the case of swollen templates, only a single broad first-order 
Bragg peak √3 is detected. Absence of higher order peaks further 
highlight the limitations of using DP deposition in achieving well- 
ordered structures.

2D SAXS imaging can be used to investigate the lateral ordering and 
orientation of Pt structures grown within the template. Previous studies 
using out-of-plane GISAXS demonstrated that Pt electrodeposited inside 
a swollen template was oriented for templates containing up to 15 wt% 
Brij-56. However if Brij-56 concentrations exceeded 15 wt%, this 
orientation disappeared, and only a polydomain ring was observed [25]. 
2D SAXS images taken in and out of plane of Pt electrodeposited through 
phytantriol containing 20 % Brij-56 are shown in Fig. 5. Fig. 5(a) reveals 
that Pt grown by DP electrodeposition through a swollen template of 
phytantriol with 20 % Brij-56 exhibited only a polydomain ring in out- 
off-plane GISAXS, with no observed orientation. In contrast, Fig. 5(b) 
shows that Pt produced via PP electrodeposition also displayed distinct 
spots which indicates an oriented single diamond phase.

We believe that the improvement in the orientation and lateral 
ordering of Pt nanostructure electrodeposited in pulsed mode can be 
attributed to the “off” pulse period, which allows the system time to 
relax.

FEG-SEM images of Pt electrodeposited via pulse mode from the 
swollen template are shown in Fig. 6. The simulated projections in 
Fig. 6d reveal the Pt nanowire networks which are aligned along the 
(110) direction when viewed from the top, with unit cell dimensions 
drawn to scale based on SAXS data, matching the lattice parameter 
values estimated from SEM.

SEM, for the first time, is used to image the single diamond phase of 
Pt, permitting visualisation of the nanostructures without the need for 
destructive sample preparation as necessitated by TEM. The SEM images 
clearly reveal the presence of nanometer sized pores and the 3D array of 
interconnected nanowires for Pt that was deposited by PP through 
swollen templates. Further, the visibility of pores in TEM is highly 
dependent on their orientation which can make it more difficult to 
observe the presence of pores, especially when samples are not perfectly 
aligned. SEM images, recorded for pulse-deposited films, showed 
enhanced visibility of the pores due to their alignment in the plane of the 
beam, as shown in Fig. 6. The enhanced structural regularity and 
improved interconnectivity of the PP-grown Pt nanostructures are 
anticipated to provide superior mechanical and electrochemical stability 
by minimizing localized current hotspots and stress points. This expec
tation is consistent with the smaller variations in lattice parameter and 
pore size observed from SAXS analysis, which indicate a more me
chanically robust nanostructure.

3. Experimental

All chemicals were used as received without further purification. 
Phytantriol was purchased from TCI Europe (98 % purity). 

Hexachloroplatinic acid (HCPA) (8 wt% in water) was purchased from 
Aldrich. All solutions were prepared using ultrapure Milli-Q water. Brij- 
56 was purchased from Fluka Chemicals.

3.1. Electrode preparation

Au-DVD from Delkin Devices were used as a working electrode by 
cutting them to size and removing the insulating polymer layer to expose 
the gold surface. The surface was masked using nail varnish with a 1 × 1 
cm2 area exposed to the electrolyte solution.

To prepare the electrodes for electrodeposition, the Au DVD elec
trodes were dip coated in a phytantriol: ethanol or phytantriol/Brij-56: 
ethanol mixture in a ratio of 1:2 by weight and allowed to dry for not less 
than an hour under ambient conditions so that the ethanol evaporated, 
leaving behind a thin film of phytantriol or phytantriol/Brij-56 on the 
surface of electrode. Thin film coated electrodes were soaked in HCPA 
solution prior to electrodeposition for at least 10 min to allow the lipid 
film to hydrate forming double diamond cubic templates.

3.2. Electrodeposition

HCPA (8 wt% in water) was used as a platinum precursor for the 
electrodeposition of templated Pt. Electrodeposition experiments were 
performed using a three-electrode setup consisting of working electrode, 
Saturated Calomel reference electrode (SCE), and a platinum gauze 
counter electrode using an Ivium VERTEX potentiostat controlled using 
IviumSoft. For direct potential electrodeposition, potential was stepped 
from +0.4 to − 0.245 V vs SCE for a set period of time until a desired 
amount of charge was passed. Pulse potential deposition was carried out 
by applying a potential of +0.4 V vs SCE for 0.3 s, during which no 
deposition occurs, naming as the ‘off pulse’, followed by applying a 
potential of − 0.245 V vs SCE for 0.1 s, at which Pt deposition takes 
place, named as ‘on pulse’. Each PP deposition experiment consisted of 
approximately 700–1400 pulse cycles, depending on template swelling 
and desired film thickness. The cathodic pulse of − 0.245 V vs SCE (0.1 s) 
was chosen to promote nucleation without mass-transport depletion, 
while the anodic off-pulse at +0.4 V vs SCE (0.3 s) permitted ionic 
relaxation and replenishment. These parameters were optimized 
empirically to maximize lattice ordering observed in SAXS.

3.3. Removal of the template

After Pt electrodeposition, the working electrodes were soaked in 
ethanol for at least 30 min, followed by rinsing with water. This pro
cedure was repeated twice to ensure complete removal of the lipid 
template, and the electrodes were then left to dry under ambient 
conditions.

Table 2 
Summary of key results based on SAXS of Pt nanostructures deposited from phytantriol and Brij-56 mixtures using potential hold and pulse deposition.

Template Phase a (QII
D template) 

(Å)
a (Pt) 
(potential hold) 
(Å)

Estimated pore size 
(potential hold) 
(Å)

a (Pt) 
(pulse deposition) 
(Å)

Estimated pore size 
(pulse deposition) 
(Å)

Unswollen Single diamond 69.2 ± 0.2 130.7 ± 1.9 68.5 ± 1.1 134.2 ± 2.1 69.7 ± 0.5
Swollen Single diamond 127.0 ± 0.3 197.1 ± 2.8 89.5 ± 1.3 236.7 ± 2.5 102.0 ± 0.7

Table 3 
The FWHM values calculated for √3 reflection of the cubic templates and Pt 
nanostructures grown via pulse deposition and potential hold methods.

Template
FWHM 
Template √3 reflection

FWHM 
Pt √3 reflection 
Potential hold

FWHM 
Pt √3 reflection 
Pulse mode

0 % Brij 6.78 × 10− 4 0.015 0.013
20 %Brij 2.33 × 10− 3 0.018 0.012
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3.4. Small angle X-ray scattering (SAXS)

SAXS experiments were performed on beamline 122 at the Diamond 
light source. A camera length of 4.5 m was used with a beam energy of 
12.4 keV. For the in-situ experiments conducted on the offline SAXS 
instrument, Xeuss, at the Diamond Light Source, a camera length of 1.5 
m was used. The experiments utilized a beam energy of 9.2 keV, 
generated by a Ga MetalJet source.

In-situ SAXS during electrodeposition was performed using a custom- 
made 3D printed electrochemical cell. The in-situ measurements, shown 
in Fig. 5, were performed in transmission mode with the X-ray beam 

going through the windows of the cell and the phytantriol or 
phytantriol/Brij-56 modified Au-DVD electrodes perpendicular to the 
incoming beam.

3.5. SEM imaging

SEM imaging was performed on a Carl Zeiss Sigma 500 VP FE-SEM 
equipped with Inlens Duo SE and BSE switchable detectors (1.3 nm at 
1 kV 0.8 nm at 15 kV).

Fig. 4. 1D integrated SAXS patterns recorded at different time intervals during the electrodeposition of platinum via PP (a, b) and DP (c, d) from a solution of 8 wt% 
HCPA solution while utilizing unswollen (a, c) and swollen (b, d) templates. In case of DP, potential was held at − 0.245 V vs SCE for specific period of time. For PP 
deposition, an on pulse of 0.1 s at − 0.245 V vs SCE and an off pulse at 0.4 V vs SCE for 0.3 s were applied for a number of cycles.

Fig. 5. 2D SAXS images taken in an out of plane orientation of Pt electrodeposited through phytantriol/Brij-56(20 wt%) on Au foil electrodes via DP (a) and PP (b) 
electrodeposition, along with blue circles which are an overlay of the predicted spot pattern locations for the single diamond phase orientated with the (111) plane 
parallel to the electrode surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

In conclusion, this study has clearly demonstrated that pulsed po
tential (PP) electrodeposition significantly enhances the structural 
quality and uniformity of 3D platinum nanostructures when compared 
to direct potential (DP) electrodeposition. The SAXS analysis revealed 
that PP electrodeposition from phytantriol-based templates, both 
swollen and unswollen, yielded platinum nanostructures with substan
tially improved lattice ordering, characterized by sharper and more 
distinct Bragg peaks. These results highlight the ability of PP electro
deposition to mitigate structural inhomogeneities commonly encoun
tered in DP deposition processes. Furthermore, in-situ SAXS 
investigations provided valuable insights into the real-time formation 
and ordering process of Pt nanostructures, highlighting the advantages 
of transient deposition kinetics inherent in PP methods. High-resolution 
SEM imaging complemented these findings, visually confirming the 
enhanced structural order and uniform pore dimensions achieved 
through PP electrodeposition. The superior uniformity, lattice precision, 
and structural integrity of the Pt nanostructures fabricated via PP 
methods have significant implications for their practical applications. 

Such highly ordered and uniform nanostructures are expected to exhibit 
improved performance in catalytic reactions, sensing applications, and 
energy storage devices, where structural consistency directly impacts 
functional efficiency.

Overall, the advancement in template-assisted electrodeposition 
techniques presented herein establishes PP electrodeposition as a robust 
method for fabricating precise and well-defined nanoscale architectures. 
This methodology opens new avenues for the controlled fabrication of 
metallic nanostructures, potentially advancing numerous technological 
fields reliant on nanoscale precision and uniformity.

Future work will focus on electrochemical characterization of the 
pulsed-deposited Pt nanostructures, including cyclic voltammetry and 
impedance spectroscopy, to quantitatively assess charge-transfer ki
netics and long-term stability. Such measurements will enable a direct 
correlation between the structural improvements demonstrated here 
and the electrochemical performance of the electrodes.
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