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Abstract
Here, we report the use of highly reproducible free-standing 3D Pt nanowire frameworks (3D Pt NFs) to investigate the 
electrochemical oxidation of glucose. To create this unique Pt NFs, we utilize a lipidic bicontinuous cubic phase as a tem-
plate. The resulting Pt NFs exhibits a unique 3D single diamond morphology with Fd3m symmetry. This intricate structure 
provides a large surface area and high electrocatalytic efficiency, making it more sensitive to glucose detection. Small Angle 
X-ray Scattering and Transmission electron microscopy investigations provided valuable insights into the nanoarchitecture of 
3D Pt NFs. It highlights the interconnected nature of the nanowires and showcases the potential for optimized electrochemi-
cal performance. Very high current densities are registered for the glucose oxidation reactions at 3D Pt NFs during cyclic 
voltammetry investigations. This knowledge aids in the design and development of advanced electrocatalytic systems, fuel 
cells, biosensors, and other devices that leverage the unique characteristics of the 3D Pt framework.

Graphical abstract
This study explores 3D Pt NFs for electrochemical glucose oxidation. Using a phytantriol template with two non-intersecting 
aqueous channels (A), Pt is electrodeposited in one channel (B), resulting in the formation of 3D Pt NFs after template wash-
ing (C). This approach demonstrates the potential for efficient glucose oxidation in the structured nanowire frameworks.
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1 Introduction

The electrochemical oxidation of glucose holds significant 
importance across diverse fields due to its versatile applica-
tions, such as in the development of implantable glucose-
powered biofuel cells [1]. Moreover, it contributes to renew-
able energy systems by converting glucose into electrical 
energy through fuel cells, offering potential solutions in 
portable power sources [2]. The electrooxidation of glucose 
is a fascinating process that involves the oxidation of glucose 
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molecules at an electrode surface, typically composed of 
a noble metal like platinum (Pt) [3]. This electrochemical 
reaction holds great significance in various fields, includ-
ing energy conversion, [4] biosensors, [5, 6] and biomedical 
applications [7]. The electrooxidation of glucose has been 
studied extensively on bulk Pt and Au, because of their high 
electrochemical activity [3, 8, 9]. At Pt electrodes, studies 
have been carried out in acidic [10], basic [11, 12] and neu-
tral media [13].One of the primary challenges in the elec-
trooxidation of glucose is the sluggish reaction kinetics, 
meaning that the oxidation reaction proceeds at a relatively 
slow rate. This is primarily due to the strong adsorption of 
intermediate species formed during the reaction, such as car-
bon monoxide (CO) and adsorbed water molecules, on the 
electrode surface. These species can inhibit the reaction and 
reduce the efficiency of glucose oxidation [12].

To overcome these challenges and improve the elec-
trooxidation of glucose, researchers have explored various 
strategies. One common approach is to modify the electrode 
surface by depositing catalysts or nanostructured materials 
that can enhance the reaction kinetics and facilitate glucose 
oxidation. For instance, the use of platinum-based nanopar-
ticles, alloy, or bimetallic materials have shown improved 
catalytic activity and stability toward GOR (glucose oxida-
tion reactions) [14]. Wang et al. reported synthesis of ternary 
PtPdCu nanowires catalyst, which demonstrated significant 
efficiency for GOR, achieving 2.6 times the performance of 
Pt/C catalysts [15]. Pt-Pb alloy electrodes were found to be 
more selective toward GOR [16]. However, the same found 
to undergo surface poisoning in the presence of  Cl− ions. In 
other studies, Pt surface was modified using Tl, Bi, Sn, Co, 
and  WO3 and were reported to exhibit higher catalytic activ-
ity [17–19]. But heavy metal toxicity prevented their use for 
practical applications.

In recent years, emerging technologies and nanomaterial 
advancements have opened new possibilities for improving 
the catalytic efficiency. For example, the integration of nano-
structured materials, such as Pt nanotubes, [20] nanoflowers, 
[21, 22] mesoporous Pt films, [23] into the electrode archi-
tecture can enhance the electrode's surface area, facilitate 
charge transfer, and provide ample opportunities to custom-
ize surface chemistry through functionalization. This creates 
a favorable environment for efficient glucose oxidation by 
increasing the number of available binding sites. Xu et al. 
reported the synthesis of Pt concave nanocubes to be used as 
abiotic catalysts in the electrocatalytic oxidation of glucose 
[24]. Pt nanoflower (Pt NF) catalyst has also been employed 
as the anode material for abiotic Glucose Fuel Cells under 
neutral conditions [22]. In another study, Lu et al. reported 
synthesis of porous Pt nanospheres incorporated with glu-
cose oxidase molecules for synergistic cancer therapy [25].

Electrooxidation of glucose at mesoporous Pt electrodes 
refers to the electrochemical process of oxidizing glucose 

molecules using mesoporous platinum (Pt) electrodes as 
the catalyst. The mechanism of electrooxidation of glucose 
is not fully understood [8, 26]. Mele et al. elucidated the 
mechanism of glucose oxidation at Pt electrodes, a topic 
extensively reviewed and discussed in subsequent studies 
[27]. Step wise mechanism of glucose oxidation is shown 
in Scheme 1. It has been suggested that the electrooxi-
dation of glucose at Pt electrodes involves several steps. 
First, glucose molecules in the presence of an electrolyte 
are adsorbed onto the Pt surface followed by oxidation, 
typically through a series of redox reactions, resulting 
in the release of electrons and protons. The electrons are 
then transferred through the Pt electrode, while the protons 
migrate through the electrolyte [13, 28].

During electrochemical reactions, species in close 
proximity to electrode surface are generally detected. 
Therefore, electrode surface plays a crucial role in their 
electrochemical performance. Nanoporous Pt electrodes 
possess large surface area and facilitates mass transport 
of reactants and products. Their distinctive configura-
tion results in heightened electrocatalytic activity and 
superior GOR performance when contrasted with tradi-
tional Pt electrodes. Park et al. [23] reported enhanced 
electrochemical oxidation of glucose at mesoporous Pt 
films. The oxidation process at mesoporous Pt electrodes 
closely resembles glucose oxidation at conventional flat 
surface Pt electrodes. However, as compared to conven-
tional electrodes, mesoporous Pt electrodes offered great 
sensitivity toward glucose electrooxidation even in the 

Scheme 1  Mechanism of oxidation at Pt electrode
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presence of interfering species like L-ascorbic acid and 
4-acetamidophenol.

Ongoing research aims to exploit the use of ordered 3D 
Pt nanomaterials to improve the performance and stability of 
glucose electrooxidation systems. In this work, we adopted 
a simple and versatile method as described in detail by 
Akbar et al. [29] The deposition route adopted in the study 
is advantageous over many other production techniques 
reported in literature. For example, Pt ordered 3D materials 
has been produced using hard templates like mesoporous 
silica and anodic aluminum oxide, which are themselves cre-
ated from block copolymers [30–32]. These synthesis meth-
ods include lengthy procedures, high temperature, and the 
use of harsh chemicals for template removal. In contrast, we 
utilized a straightforward procedure under mild conditions. 
In our study, the surfactant (Phytantriol) spontaneously self-
assembles into a structure with double diamond morphology 
in the presence of aqueous solvent. Following electrodeposi-
tion, ethanol can easily wash away the template, eliminating 
the use of harsh chemicals.

The Pt nanomaterials produced in this study are free-
standing, allowing for the creation of interconnected 3D 
networks of Pt nanowires without the need for additional 
conductive support. This interconnection among the Pt 
nanowires prevents aggregation and restacking, which con-
fers several benefits, including increased accessible surface 
area, heightened electrocatalytic activity, efficient electron 
transfer, enhanced sensitivity, selectivity, and structural 
robustness. These merits position it as a highly promising 
electrode material across a range of applications, encom-
passing fuel cells, biosensors, and other electrochemical 
devices. The integration of such networks holds the potential 
to advance the creation of more efficient and high-perform-
ing electrochemical systems.

2  Results and discussion

Hexachloroplatinic acid (8wt% in water) is used as a plati-
num precursor solution and phytantriol-based double dia-
mond bicontinuous cubic phase of symmetry Pn3m is used 
as a template. Within the aqueous channels of the cubic 
phase, platinum is electrodeposited using potential hold at 
− 0.2 V vs Ag/AgCl reference electrode. After electrodepo-
sition, phytantriol template is removed by dissolving into 
ethanol. Figure 1 shows 1D small angle X-Ray diffraction 
patterns from the cubic template and the resultant 3D Pt 
nanowire frameworks.

ID SAXS pattern for phytantriol template in excess HCPA 
solution exhibits four Braggs peak with relative position for 
1/d in ratios √2: √3: √4: √6 which can be indexed as 
hkl = 110, 111, 200, and 211 reflections of a bicontinuous 
cubic phase of Pn3m symmetry of crystallographic space 

group Q224. Lattice parameter values are estimated to be 
67.64 ± 0.04 Å. After fabrication and removal of the tem-
plate, 1D SAXS pattern of Pt nanowire framework shows 
two Braggs peak with their relative positions for 1/d in ratios 
√3: √8, consistent with single diamond morphology of 
Fd3m symmetry of crystallographic space group Q227. Lat-
tice parameter values are estimated to be 126.59 ± 16.7 Å, 
almost a two-fold increase from the value (67.6 Å) of the 
double diamond structure of the template. The results are in 
good agreement with our previous findings [29, 33]. Lipid 
bicontinuous cubic phases exhibit three-dimensional sym-
metry, a substantial surface area to volume ratio, and an 
exceptionally organized network of two continuous non-
intersecting aqueous channels. These channels of uniform 
diameter are separated by lipid bilayer. The preservation 
of bilayer continuity is proposed to involve sealing one of 
the water channel networks with the bilayer, while the other 
network remains open to the bulk water [34]. Our observa-
tions are consistent with this notion, as SAXS analysis of 
the template and the resulting replica suggested that only 
the open-channel network was replicated into cubic frame-
works of Pt with diamond symmetry without disrupting the 
crystalline order.

Further details about the structure and morphology of the 
fabricated Pt NFs can be seen in the TEM images shown in 
Fig. 2. The 3D Pt NFs refers to the interconnected arrange-
ment of Pt nanowires, forming a complex and intricate 
architecture in three dimensions. This network structure 
exhibits high degree of organization and regularity, result-
ing in long range order throughout the material as shown in 
high resolution TEM images. Upon enlarging a section of 
the TEM image, the intricate nature of 3D Pt NFs becomes 
more apparent. Figure 2B shows TEM image with superim-
posed simulation projection drawn to scale with respect to 
SAXS data. Long range order is clearly visible as a repeating 
structural feature which may manifest as evenly spaced inter-
connected nanowires. From TEM data, nanowire diameter 
is estimated to be 3 nm and interwire distance is calculated 
to be 9 nm.

Electrocatalytic activity of both conventional and 3D Pt 
NFs electrodes toward glucose oxidation reaction (GOR) 
is studied using cyclic voltammetry technique. Roughness 
factor (Rf) is used to measure the electroactive surface area 
of the electrode. For conventional Pt electrode, Rf value is 
estimated to be 2.1. After electrodeposition of 3D Pt NFs, 
Rf value of the respective electrode was increased to 250, 
i.e. the Rf value of the 3D Pt NFs electrode is significantly 
enhanced by 150-fold. The electrochemically active surface 
(ECSA) of 3D Pt NFs are determined to be 40  m2  g−1. [29] 
When compared to graphene-supported Pt nanowires which 
feature 12–33  m2  g−1, [35] the Pt utilization in the 3D Pt 
NFs is significantly higher. Consequently, current densi-
ties for glucose oxidation measured by CV have increased, 
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reflecting the quantitative enhancement of the electrode’s 
surface roughness.

Compared to the ECSA of other graphene-supported 
nanostructured Pt materials,

Typical cyclic voltammograms of conventional Pt elec-
trodes in 0.1 M NaOH solution in the presence and absence 

of glucose recorded at a scan rate of 50 mV  s−1 are shown in 
Fig. 3. In the absence of glucose, Pt oxidation takes place in 
the region between + 0.45 and − 0.9 V vs Ag/AgCl to form 
oxide layer at the surface of Pt. During reverse scan, metal 
oxide reduction peak appears at − 0.15 V with a cathodic 
peak current density of 0.91 mA  cm−2.

Fig. 1  1D SAXS profiles and 3D cartoon structure of phytantriol cubic template (A, B) and the fabricated 3D Pt nanowire frameworks (C, D). 
Inset (A, C) shows 2D SAXS profiles

Fig. 2  A High resolution 
TEM images of fabricated 3D 
Pt nanowire frameworks, B 
Enlarged section from boxed 
area of (A) with superimposed 
simulation projection drawn to 
scale with respect to SAXS data
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In the presence of 20 mM glucose, GOR at conventional 
Pt electrode was detected in three anodic peaks during posi-
tive scan at − 0.69 V (peak a), − 0.22 V (peak b) and 0.22 to 
0.13 V (peak c) vs Ag/AgCl. Current densities were estimated 

to be 0.71, 0.9 and 0.78 mA  cm−2 for peak a, b and c respec-
tively. On the −ve scan, glucose is reduced after the reduction 
of Pt-oxide layer. With a slight potential shift from − 0.16 
to − 0.17 V, PtO reduction peak current density is greatly 
reduced from 1.6 to 0.275 mA  cm−2, generating more active 
sites available for glucose oxidation causing oxidation peaks 
at − 0.4 (peak e) and − 0.7 (peak f) V with the current den-
sity of 0.38 and 0.145 mA  cm−2. Electrosorption of hydrogen 
atoms in the region − 0.5 to − 0.9 V vs Ag/AgCl is hindered 
in the solution containing glucose. The observations are con-
sistent with the previous findings [12, 36]. the appearance of 
anodic peak f during -ve scan in the same potential range as 
of peak a during + ve going scan represent characteristics of 
surface absorbed species. Which is further supported by the 
fact that peak potential of a also does not vary with the scan 
rate as shown in Fig. 5. The peaks b and c represent oxidation 
of absorbate specie and bulk glucose on Pt electrode surface.

The nature of glucose oxidation products has been a topic of 
debate for the past two decades. Various studies have reported 
gluconic acid [37], carbon dioxide [38], and gluconolactone 
[39] as the primary products resulting from the oxidation of 
glucose. Among these, gluconic acid has also been detected in 
the solution [37]. However, there is evidence suggesting that 
gluconic acid may actually be formed through the hydrolysis 
of gluconolactone, which has been identified as a significant 
electrolysis product using field desorption mass spectroscopy 
[39]. It is plausible that both substances could be generated at 
relatively low potential levels.

For GOR at 3D Pt NFs electrode, a very sharp anodic 
peak (b) is detected at − 0.22 V with the current density 
of 23.157 mA  cm−2. Anodic peak c appears at 0.23 V with 
the current density of 12.1 mA  cm−2. Another small anodic 
peak (bʹ) appeared at − 0.115 V with the current density of 
16.3 mA  cm−2. Lower glucose oxidation peak potentials, 
accompanied by a significant increase in peak current den-
sity, indicate the prompt electrooxidation of glucose, which is 
attributed to the higher electrocatalytic activity of Pt nanowire 
electrode. Values recorded for peak current densities and peak 
potentials are shown in Tables 1 and 2.

For electrocatalytic reactions, high surface area is extremely 
desirable as it allows for more efficient interactions with ions 
in electrical processes. 3D Pt NFs electrodes exhibits three-
dimensional structure, which possess a complex and intricate 
network of nanoscale features. The three-dimensional arrange-
ment of nanowires results in a substantial exposed surface area 
which in turn provides more active sites for reactant molecules 
to encounter the catalyst, thus increasing the rate of glucose 
adsorption and oxidation. The porous structure also facili-
tates the diffusion of reactant and products, enabling better 
mass transport during the electrochemical reaction. Further, 
at the nanoscale, materials may exhibit different electronic 
and chemical properties compared to their bulk counterparts. 

Fig. 3  Cyclic voltammogram of A polished electrode in the 0.1  M 
NaOH at 50 mV  s−1, B polished platinum electrode (1.96 ×  10–3  cm2 
area) in 20  mM glucose + 0.1  M NaOH solution, C nanostructured 
Pt electrode in 20 mM glucose + 0.1 M NaOH solution. All CVs are 
recorded between the limits + 0.45 to − 0.9  V vs Ag/AgCl at room 
temperature at a scan rate of 50 mV s.−1
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These altered properties can make the nanomaterials highly 
reactive and efficient catalysts for electrochemical reactions.

Furthermore, electrocatalytic response of 3D Pt NFs 
towards GOR in both forward and reverse scans is com-
parable. On reverse (−ve) scan glucose oxidation peak (d) 
appears at − 0.3 V with the current density of 7.21 mA  cm−2. 
The ratio between forward and backward oxidation peak cur-
rent densities (jb/je), is often used to describe the tolerance 
of catalysts against the incompletely oxidized species which 
are accumulated on their surfaces [36]. A large ratio means 
good tolerance of the anode against the poisoning species, 
i.e., more effective removal of the poisoning species on the 
electrode surface during + ve sweep. The peak current den-
sity ratios (jb/je) for GOR at conventional Pt electrode is 
estimated to be 2.37 which was increased to 3.2 when GOR 
is carried out at 3D Pt NFs electrode, which is higher than 
the value 0.9 (Pt/p-1,8-DAN/GC) [36] reported previously. 
This indicates much higher electrocatalytic efficiency of the 
nanostructured Pt electrode for glucose oxidation reactions. 
Mello et al. reported a reduction of current density of main 
oxidation peak during repetitive cycling which was attrib-
uted to the adsorption of poisoning species at the surface of 
electrodes [40]. For 3D Pt NFs, reduction in the peak cur-
rent densities is negligible after repetitive cycling, as shown 
in supporting information (Figure S1). Form comparison 
of 1st and 50th CV, peak current density for peak b is only 
reduced from 23 to 22.4 mA  cm−2. These outcomes clearly 
indicate the impact of nanoarchitecture of 3D Pt NFs on the 
kinetics of glucose electrooxidation. Transport characteris-
tics dependence of glucose oxidation at both polished and 
fabricated 3D Pt NFs electrodes, is investigated by recording 
cyclic voltammograms at different scan rates. Using a range 
of scan rates from 50 to 250 mV  s−1, it is determined how 
transport parameters affect the oxidation of glucose at Pt 
catalysts. A multi scan CV is shown in Fig. 4.

At both electrodes, linear relationship of peak current 
density with respect to square root of scan rate shows diffu-
sion control contributes to the intricate electron transfer oxi-
dation process in the direction of the positive going sweep, 
as shown in Fig. 4. Values are given in supporting informa-
tion (Tables 1, 2).

3D Pt NFs is tested for electrooxidation of glucose within 
the physiological level (3 − 8 mM). CVs for conventional Pt 

electrode and nanostructured Pt electrode in the presence of 
4 mM glucose in 0.1 M NaOH solution are shown in Fig. 5.

At conventional Pt electrode, cyclic voltammogram 
shows prominent Pt oxidation and reduction regions. A 
small glucose oxidation peak (b) is observed at ~ − 0.2 V 
with the current density of 0.34 mA  cm−2. However, at 3D 
Pt NFs electrode, Pt oxidation and reduction signals are 
suppressed due to higher catalytic response toward GOR. 
A prominent glucose oxidation peak appeared at − 0.24 v 
with the current density of 15.4 mA  cm−2. Enhanced GOR 
response at nanostructured Pt electrode implies that elec-
trodes with a three-dimensional nanostructured surface are 
capable of detecting glucose even when it is present in very 
small or trace amounts.

3  Conclusion

In summary, the research demonstrates that 3D Pt NFs 
electrodes outperform conventional Pt electrodes in elec-
trocatalytic glucose oxidation reactions. This superior per-
formance is attributed to the large surface area and unique 
structure of the 3D Pt NFs, which facilitate a higher density 
of glucose adsorption sites and efficient glucose utilization. 
This, in turn, promotes efficient electron transfer and reduces 
the need for high Pt loading, resulting in improved glucose 
oxidation efficiency, faster reaction kinetics, and enhanced 
stability. The application of mesoporous Pt electrodes in 
glucose oxidation holds significant potential in improving 
fuel cell performance, biosensing, and other electrochemi-
cal applications.

4  Experimental section

4.1  Materials

Phytantriol acquired from TCI Europe is utilized as the 
surfactant phase, and hexachloroplatinic acid (HCPA) solu-
tion (8 wt% in water), purchased from Sigma Aldrich, is 
employed as a platinum precursor. From concentrated acid 
of Merck p.a. grade, aqueous sulfuric acid  (H2SO4) solution 
(0.5 M) was prepared. Ethanol and glucose are purchased 
from Fischer Scientific. Highly purified water was obtained 

Table 1  Current density values Current densities (j) mA/cm2 Ja Jb Jc Jd Je Jf Jb/Je

Conventional Pt electrode 0.71 0.9 0.78 0.27 0.38 0.14 2.37
3D Pt NFs 4.73 23.1 12.1 2.46 7.21 1.2 3.21

Table 2  Peak potential values Peak potential (E)/ V Ea Eb Ec Ed Ee Ef

Conventional Pt electrode − 0.70 − 0.22 0.13 − 0.17 − 0.40 − 0.70
3D Pt NFs − 0.68 − 0.22 0.23 − 0.15 − 0.30 − 0.65
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by passing deionized, distilled water through Puris Expe-CB 
Ultra Purification system.

4.2  Electrochemical investigations

Electrochemical studies were carried out using Gamry 
interface 1000 in a standard 3-electrode cell composed of a 
platinum gauze counter electrode, a Ag/AgCl reference elec-
trode, and a 0.5 mm Pt disc electrode. At room temperature, 

electrochemical studies are performed in a Pyrex cell of vol-
ume 25 ml. Sandpaper and alumina powder in three different 
grades (25, 1.0, and 0.3 µm) are used to polish platinum 
disc electrodes sealed in a glass tubing. After polishing, 
the electrodes are repeatedly scanned by cyclic voltamme-
try in 0.5 M aqueous  H2SO4 solution using different scan 
rates in the range of possible limits 1.23 and − 0.2 V vs Ag/
AgCl until sharp hydrogen adsorption/desorption peaks are 
visible.

Fig. 4  A multi scan CV for conventional Pt electrode (A) and 3D Pt NFs in 20 mM glucose in 0.1 M NaOH solution recorded between the lim-
its + 0.45 to − 0.9 V vs Ag/AgCl at room temperature. Inset shows relationship of peak current density with respect to scan rate

Fig. 5  Cyclic voltammograms for A conventional Pt electrode and B nanostructured Pt electrode in the presence of 4 mM glucose in 0.1 M 
NaOH solution
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Single diamond Pt nanowire framework are synthesized 
following the procedure described in detail by Akbar et al. 
[29] Platinum disc electrodes with 1.96 ×  10–3  cm2 area are 
used for electrochemical investigations. For SAXS and TEM 
analysis, Gold archival DVD of area 0.5–1  cm2 from Delkin 
Devices are used as working electrodes.

4.3  Samples of phytantriol under conditions 
of excessive hydration

For SAXS analysis of the template, on the inside of open-
ended, thin-walled glass capillary tubes, phytantriol is thinly 
coated from a 1:1 w/w phytantriol ethanolic solution, dried 
with compressed air for about 15 min, and then stored at 
room temperature for at least an hour. For immediate use, 
the duration of drying with compressed air was increased 
to ~ 30 min. A small layer of phytantriol was left when the 
ethanol evaporated at this period. HCPA solution (8 wt% in 
water) or water is then added to the capillary and sealed for 
SAXS analysis.

4.4  Preparation of working electrode

By soaking into an ethanolic mixture of phytantriol (w/w 
ratio of 1:2), a thin layer of phytantriol is applied to a vari-
ety of bare working electrodes, then drying for at least two 
hours at room temperature. The ethanol evaporated over this 
period, leaving a surfactant layer (approx. 16 micron thick) 
at the surface of the electrode. Surfactant-coated electrodes 
were soaked in HCPA solution for at least 10 min prior to 
electrodeposition. For stochiometric deposition, potential 
was stepped from + 0.6 to − 0.2 V vs Ag/AgCl in excess 
HCPA solution (8 wt%). After deposition, electrodes are 
washed using ethanol and water to remove the surfactant 
template.

4.5  Physical analysis

Small Angle X-ray Scattering (SAXS) experiments were 
performed at Diamond Light Source using beamline 122 in 
transmission mode with detector distance of 4752 mm and 
energy 12.4 keV. TEM analysis was carried out using model 
JSM-2100PLUS.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10800- 024- 02149-1.
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