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Stable mesoporous nickel (Ni) films can be prepared using polystyrene-b-poly-(oxyethylene) (PS-b-PEO) micelles as sacrificial
templates. In this method, positively charged Ni precursors form
hydrogen bonds with the PEO segments of the micelles, which are
then co-electrodeposited on the surface of a working electrode.
Changing the applied voltage during electrodeposition modifies the
deposition rate and ultimately controls the architecture of the
mesoporous Ni film.

Mesoporous metal films are attractive architectures for electrochemical applications because they have ultra-large surface
areas, high electrical conductivities and numerous exposed catalytic
active sites.1 These features make them useful as porous electrodes
in electrocatalytic devices, batteries and sensors. Mesoporous metal
films have typically been synthesized by reducing metal precursors
on lyotropic liquid crystal (LLC) templates.2,3 For example, LLCs
can serve as molds to assemble lamellar and 2D hexagonal
mesostructures composed of platinum (Pt), bismuth (Bi), nickel
(Ni) and cobalt (Co) via electrodeposition.4,5 And mesoporous Pt
films with large roughness factors have been electrodeposited
onto microelectrodes, demonstrating the benefits of high surface
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area and eﬃcient mass transport characteristics in electrochemistry and electroanalysis.5 Our group recently demonstrated a new method to generate mesoporous metal films
using polymeric micelles. Various metal precursor ions including
Pt, Au, and Rh adsorb to the surface of the micelles, then
electrochemical deposition is used to drive the micelles onto
the surface of the working electrode while co-depositing the
metal film.6–8 The diameters of the pores are tunable by
combining various surfactants and organic solvents.9
The assembly of large-area, well-ordered mesoporous metal
films has mostly been limited to noble metals such as Pt, Pd
and Au because their surface energies are relatively low, and the
materials are less prone to oxidation. Mesostructuring noble
metals improves their catalytic activities by increasing their
surface area and active sites, but noble metals are very costly
because they are not abundant in the Earth’s crust. Modifying
mesoporous synthesis techniques to create structures composed
of Earth abundant metals such as nickel (Ni) is a key next step in
the creation of inexpensive, large-area ordered mesoporous
electrode films.10 However, working with Ni is challenging because
its low reduction potential makes the material more susceptible
to reactions with water and air.11 And oxidation impacts the
electrodeposition process by making it more diﬃcult to control
the morphology over large areas.
In this study, we describe a method to prepare mesoporous
Ni films via electrochemical deposition. By carefully pairing the
electrolyte with the polymeric micelles and Ni precursor, it is
possible to apply a potential that drives the co-deposition of
Ni-decorated micelles, generating a mesoporous architecture
throughout the Ni film. The resulting mesoporous Ni film has a
high surface area and can be used to detect micro-molar level
concentrations of glucose. Additionally, by fixing the applied
potentials in the sensing experiments, it is possible to determine
glucose concentration without the filtration of interference agents
such as uric acid, ascorbic acid and mannose. We envision these
mesoporous Ni films as part of a non-invasive, wearable electrochemical sensor to detect the concentration of glucose. Ultimately,
creating inexpensive and highly sensitive electrochemical devices to
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monitor glucose daily or even continuously may improve self-care
and health outcomes for diabetics.12
To generate the mesoporous Ni films, the precursor solution
was prepared by dissolving 10 mg of the polystyrene-b-poly(oxyethylene) (PS(63 000)-b-PEO(26 000)) in 3 mL of tetrahydrofuran
(THF) solvent. Then 1.5 mL of ethanol, 1 mL of aqueous 80 mM
Ni(CH3COO)2 and 2.5 mL of 0.5 M H2SO4 was added in
sequence and the solution was stirred for 5 hours. Electrodeposition of the Ni-decorated micelle precursors was performed
by using a Ag/AgCl reference electrode, a Pt counter electrode
and a Au-coated Si substrate (3 mm  3 mm) as the working
electrode. Diﬀerent potentials were applied to deposit the Ni
films ( 1.45 V, 1.40 V and 1.35 V vs. Ag/AgCl), and the
electrodeposition was typically complete after 2500 seconds.
During the electrodeposition step, the color of the Au-coated Si
substrate became gray. Upon electrodeposition the sample was
removed from the electrolyte solution and washed with tetrahydrofuran (THF) and water.
Linear sweep voltammetry (LSV) was used for electrolyte
solutions with and without sulfuric acid to investigate the influence
of applied voltage on the electrodeposition of mesoporous Ni films
(Fig. 1a).13 The LSV experiments show that sulfuric acid caused Ni2+
to reduce to Ni0 at approximately 0.8 V vs. Ag/AgCl. Sulfuric
acid may also increase the ion conductivity of the solution.14
Applied potentials of 1.45, 1.40 and 1.35 V vs. Ag/AgCl were
investigated to assess its eﬀect on the morphology and thickness
of the deposited films as shown in the SEM images (Fig. 1b–d). At
1.40 V vs. Ag/AgCl the mesopores were most observable
(Fig. 1c). Under these conditions, the mesoporous film homogenously coated the substrate without any defects (i.e. perforations, bumps, etc.). The pore size distribution for the mesoporous
Ni film was obtained via high resolution SEM images and had
an average size of B52 nm (Fig. S1, ESI†). Previous reports
demonstrate that mesoporous structures are strongly dependent on
the deposition rates of metals.15,16 Potential affects the magnitude

Fig. 1 (a) LSV of a precursor solution with and without sulfuric acid. The
geometrical deposition area on the working electrode is 9 mm2 (3 mm 
3 mm). (b–d) SEM images of Ni films generated at various applied voltages:
(b) 1.35 V, (c) 1.4 V, and (d) 1.45 V vs. Ag/AgCl.
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of current passing through the working electrode. Larger negative
voltages will generate higher currents, promoting a larger rate for
the reduction of metal ions. Amperometric plots using different
potentials demonstrate their influence on the deposition of mesoporous Ni films (Fig. S2, ESI†). Smaller potentials (i.e. 1.35 V vs.
Ag/AgCl) generated a lower reduction rate, decreasing the Ni growth
rate so much that only large Ni crystals formed and the micelles
were not trapped in the metal to generate mesopores (Fig. 1b). A
larger negative potential ( 1.45 V vs. Ag/AgCl) caused random
nucleation and grain growth on the substrate, generating bumpy
Ni films with no noticeable mesopores (Fig. 1d).
As a control experiment, Ni deposition was also performed
without adding polymeric micelles to the electrolyte solution.
Ni films were deposited under these conditions, but SEM
observations show that no porous structures formed, as
expected, proving that the polymeric micelles play a critical
role in the formation of the mesopores. In pure THF, the PS-bPEO block copolymer completely dissolves as a unimer and
does not scatter light (Fig. 2a1). The addition of ethanol and
aqueous solutions causes the solution to become cloudy and
slightly opaque, indicating the formation of the polymeric
micelles as illustrated by the Tyndall eﬀect (Fig. 2a2). Upon
addition of Ni(CH3COO)2 the average diameter of micelles
decreased from ca. 68 to ca. 25 nm (Fig. 2b1, b2 and Fig. S3,
ESI†). Our previous report showed that the same phenomenon
is caused by a change in the charge of the micelle surface.6 After
adding Ni(CH3COO)2 nickel precursor, the surface charge of the
polymer micelle became positive due to the adsorption of
positively-charged Ni ions in the PEO shells via hydrogen
bonding (more detail on this phenomenon is given in later
sections). In some parts, the micelles aggregated, indicating
that the addition of Ni(CH3COO)2 screened some repulsive
interactions between the micelles (Fig. S4, ESI†).
UV-Vis absorption spectra of various solutions were collected
to gather information about the coordination sphere of the Ni2+
ions in the media. The spectra consisted of three relatively weak
peaks at l = 1200, 700, and 400 nm (Fig. 2c). The peaks at longer
wavelengths correspond to the d–d transitions of the Ni2+
species, specifically the 3A2g ground state to 3T2g, 3T1g(F) and
3
T1g(P) excited states that originate from d-orbital splitting of
the Ni2+ ion in an octahedral ligand field, respectively. The peak
positions are sensitive to the coordination sphere of the Ni2+
ion, and here the observed peak frequencies correspond to the
[Ni(H2O)6]2+ ion.17 The peak positions and relative absorption
intensities of various combinations of precursor solutions were
measured via UV-Vis spectrophotometry, and all solutions
containing the Ni precursor appeared identical. This indicates
that the Ni2+ ions are coordinated by 6 water molecules in all
solutions.
The electrodeposition solution contained excess sulfuric
acid to ensure that all of the acetate ions remained protonated.
The acetate anion derived from the nickel salt is a weak base,
but the charge of the [Ni(H2O)6]2+ ion is compensated by HSO4
and SO42 ions. For the purpose of electrodeposition, having
Ni2+ ions embedded in a water coordination sphere is likely to
do two things: (i) it helps promote the micellization of the block
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Fig. 2 (a) Optical micrographs demonstrating the emergence of the
Tyndall eﬀect in the electrolyte solution with diﬀerent compositions: (a1)
PS-b-PEO solution dissolved in THF and (a2) PS-b-PEO solution in THF
after addition of Ni(CH3COO)2 precursor. (b) TEM images: (b1) PS-b-PEO
solution dissolved in THF and (b2) PS-b-PEO solution in THF after the
addition of the Ni(CH3COO)2 precursor. (c) UV/Vis-NIR spectra of diﬀerent
solutions used in the experiments.

copolymer, and perhaps more importantly (ii) it enhances hydrogen
bonding interactions between the hydrophilic poly(ethylene oxide)
shell of the micelles to load more [Ni(H2O)6]2+ ions on the surface of
the micelles.18 An applied potential generates an electromotive
force to drive the micelles toward the electrode surface, where
reduction and electrodeposition of Ni0 takes place. The water
coordination sphere and metal ion–surfactant interactions
collectively enable the formation of mesostructured Ni films
on the electrode surface.
The crystallinity of the electrodeposited mesoporous Ni films
was examined via in-plane X-ray diﬀraction (XRD) (Fig. S5a,
ESI†). The peak at 44.61 matched the Ni(111) crystal plane and
showed the high crystallinity of the mesoporous Ni film. The
average crystallite size was estimated to be B14 nm using the
Scherrer equation. Surface chemical analysis was also carried
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out via X-ray photoelectron spectroscopy (XPS) (Fig. S5b, ESI†).
From the survey spectrum, metallic nickel atoms can be clearly
observed on the film surface. The Ni 2p3/2 spectrum had
three peaks matching Ni (852.8 eV), NiO (854.6 eV) and Ni2O3
(856.5 eV). The XPS results indicate that the surface Ni atoms
are likely oxidized in the atmosphere or in solution.
The most advantageous point of electrochemical deposition
is that we can precisely control the film thickness by changing
the applied deposition times. With the gradual increase of the
deposition times, the film thickens (Fig. S6, ESI†) and the
deposited weight of Ni increased proportionally. The rate of film
growth was B90 nm min 1 at 1.40 V vs. Ag/AgCl. This corresponded to a rate of 4.0  10 5 mg min 1, which was confirmed
by the careful measurement of the samples using a sensitive
microbalance (Fig. S7, ESI†). Even though the deposition times
were diﬀerent, the same mesoporous structure was formed in all
the films (Fig. S6, ESI†).
The mesoporous Ni film was measured via cyclic voltammetry
(CV) in aqueous 1 M KOH containing 10 mM D-glucose. In the CV
curves (Fig. 3a), the anodic peak at 0.4 V corresponds to the
oxidation of glucose.19 It is known that NiOOH can oxidize glucose
in alkaline solutions, for the formation of gluconolactone. The
mesoporous surface of the Ni film electrode provides numerous
active sites to drive this reaction. As shown in Fig. S8 (ESI†), the peak
intensity is proportional to the square root of scan rate. According to
the Randles–Sevcik equation, our results indicate that the reaction is
reversible and the electrode is limited by the diffusion of glucose to
the electrode surface.20
To selectively sense glucose, we examined the role of applied
potentials on sensitivity in the presence of various interference
agents found in human sweat. Chronoamperometry was performed at diﬀerent voltages including 0.1, 0.2, 0.3, 0.4, and
0.5 V vs. Ag/AgCl in a three-electrode cell (8 cm3). The current
was stable after 200 seconds, and each analyte solution was
added to the stirred cell while the current response was
recorded. From the current response, the current density was
calculated using the geometrical surface area of the electrode.
Fig. 3b shows a summary of the potential-dependent response
toward glucose and the various interference agents. The relative
current responses were calculated by fixing the response of
glucose to 100%. From Fig. 3b, it is clear that 0.4 V vs. Ag/AgCl
potential is optimal for selective sensing of glucose.
To investigate the relationship between the glucose concentration
and current, chronoamperometry was performed again at 0.4 V vs.
Ag/AgCl with a three-electrode cell (8 cm3). Once the current was
stable (B200 seconds), 0.1 mL of 80 mM glucose in 1 M KOH was
added to the cell (since the electrolyte volume was 8 cm3, the glucose
concentration was increased by 1 mM). Then 0.1 mL of glucose
solution was added to the reaction every 100 seconds for 10 times
total. Fig. 3c shows the current response over time as glucose is
added to the cell. We also examined the current response of the
nonporous Ni foil for a comparison. The current clearly increased
immediately after the addition of glucose, then the current
became stable as the solution was completely mixed. The
behaviour of the film did not change after each addition of
glucose, indicating that glucose oxidation on the surface of the
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glucose concentrations in human sweat. Inexpensive and highly
sensitive electrochemical devices to monitor glucose continuously
should improve self-care and health outcomes for people with
diabetes.
Characterization methods: The samples were observed by using a
scanning electron microscope (Hitachi SU8000). The SEM images
were obtained at the accelerating voltage of 15 kV. The crystal
structure was measured via XRD (RIGAKU SmartLab). X-ray photoelectron spectroscopic measurements were conducted by using a
JPS-9010TR (JEOL) instrument with an Mg Ka X-ray source. Cyclic
voltammetry (CV) and chronoamperometry data were recorded by
using a CHI 842B electrochemical analyzer (CH Instruments).
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Notes and references
Fig. 3 (a) CV curves measured in aqueous 1 M KOH in the presence of
10 mM glucose using the mesoporous Ni film as the working electrode.
(b) Potential dependent current response toward 1 mM glucose and
various interfering agents including 0.1 mM uric acid (UA), 0.1 mM ascorbic
acid (AA), and 0.1 mM mannose (Man). (c) The dynamic sensing response of
the mesoporous Ni film and nonporous Ni surface upon successive
additions of 1 mM glucose solution. (d) Corresponding relationship
between the amperometric response and the glucose concentration.

mesoporous Ni film was quite stable. By comparing the current
response after each addition of glucose, the relationship between
the glucose concentration and current is shown in Fig. 3d.
Chronoamperometry using 1–10 mM glucose also demonstrated
the linear relationship between the glucose concentration and
current. At each concentration range, the current response of the
mesoporous Ni film was 2.5 times higher than a nonporous Ni
electrode. Table S1 (ESI†) summarizes previous literature
describing glucose oxidation with nanostructured Ni to put
our experiments into context. The sensitivity to glucose was
43.6 mA mM 1 and 1.09 mA mM 1 cm 2, indicating that our
mesoporous films perform better compared with the present
literature.21–24 It is clear that the mesoporous morphology of the
Ni films is responsible for boosting the oxidation of glucose.
In conclusion, we succeeded in preparing mesoporous Ni
films with uniformly sized pores by using polymeric micelles as the
structure directing agent and Ni(CH3COO)2 as the Ni precursor. Ni2+
ions are embedded in a water coordination sphere that assists in the
micellization of the block copolymer and enhances the hydrogen
bonding interactions between the hydrophilic poly(ethylene oxide)
blocks of the micelle with the Ni2+ species. The electrodeposition
rate was found to be quite important in the formation of high
quality mesoporous structures within the Ni films. In addition,
selecting the appropriate potentials allowed us to minimize the
influence of common interference agents and accurately determine
the concentration of glucose in the solution. These mesoporous Ni
films are easy to prepare, and may function as porous electrodes in
a non-invasive, wearable electrochemical sensor that can monitor
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