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a b s t r a c t

For a typical Proton exchange membrane (PEM) water electrolysis system, reducing the amount of Ir
loading at the anode in membrane electrode assembly (MEA), while maintaining the performance, is still
a big challenge. Here, to improve the performance of catalyst layer for oxygen evolution reaction (OER) in
an acidic medium, vertical aligned IrOx nanoarrays (IrOx NAs) were synthesized by electrodeposition
with TiO2 nanotube arrays (TNTA) as template. By tuning the scan rate in the electrodeposition process,
IrOx open-end nanotube arrays with tunable length ranged from 500 nm to 1400 nm and hollow
nanorod arrays were obtained due to a diffusion-controlled deposition process. By constructing 3-D
electrode of 1-D catalyst with enhanced ion transfer, IrOx NAs performed almost the same current
density of OER with 1/20 Ir loading amount compared with commercial IrO2 nanoparticles, which could
significantly reduce the cost of catalyst in PEM water electrolyser. Moreover, no apparent current
decrease was observed even after 10 h’ anodic polarization under 1.55 V, which exhibit excellent OER
durability.

© 2020 Published by Elsevier Ltd.
1. Introduction

Electricity generated from intermittent renewable energy, such
as solar and wind power, requires an appropriate storage system or
medium to meet the requirements of power gird. In the past few
years, several electrochemical energy conversion technologies have
caught the attention of researchers and scientists [1,2]. With PEM
electrolysis technology, the abandoned power due to the inter-
mittent characteristics of renewable energy can be converted to
hydrogen [3,4]. However, till now, PEM water electrolysis has not
yet been extensively deployed in the commercial markets due to
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high associated costs. One of the driving factors for high costs of
PEM water electrolysis is the use of highly rare and expensive
precious noble metals as catalyst [5,6]. To reduce the cost, many
efforts have been devoted to develop non-noble metal OER catalyst
[7e9]. Unfortunately, lots of the materials were designed for OER in
base condition, and the feasibility of these OER catalysts in acidic
media is unknown. In the anode of PEM water electrolyzer, owing
to the harsh condition in OER of PEM water electrolysis, Iridium is
still irreplaceable considering of both activity and stability [10,11].
Moreover, the loading of Iridium in anode is significantly higher
than noble metal in cathode due to the sluggish OER kinetics and
stability issue. Hence, reducing the loading amount of precious Ir,
while maintaining substantially higher activity and optimal sta-
bility, is of great concern [12,13].

One-dimensional nanoarrays electrode, which shows promi-
nent properties in high utilization of catalyst, enhanced electron
transfer and mass transfer, is considered as a promising solution to
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achieve highly active electrode with low loading amount of catalyst
[14e19]. It can be prepared with suitable one-dimensional nano-
arrays, like carbon nanotube arrays and TiO2 nanotube arrays, as a
substrate or removable template. Pt/CNT arrays have been proven
to be a highly active electrode for a membrane electrode assembly
(MEA) in the fuel cell with substantially reduced Pt loadings
[20,21]. However, under the high potential of OER, carbon could be
easily corroded. By contrast, TiO2 [22e26] and SnO2 [27e29] with
modification to improve its conductivity have been widely applied
as supports for electrocatalyst. We synthesized partially reduced
TNTA as support for IrOx to fabricate an electrode with highly or-
dered arrays structure for OER [30,31]. In spite of the significant
increment in the conductivity of the support, the thick oxide bar-
riers formed at the bottom of the TNTA limited the improvement of
the activity. Thus, to fabricate self-supported one-dimensional IrOx
NAs with removable template is more promising. Zhao et al. [32]
had prepared 500 nm long IrOx nanotube arrays with ZnO nanorod
arrays as a removable template and the obtained catalyst showed
2.7 times higher turnover frequency than that of commercial IrO2
nanoparticle in OER. Mafakheri [33] had applied Au-coated poly-
carbonate as a template to synthesize IrOx nanotube arrays as an
electrochemical sensor for Chromium and Arsenic. TNTA, which
presents much higher-ordered orientation and distribution than
ZnO nanorod arrays and polycarbonate, is a rational candidate for
removable template to prepare 1-D nanoarrays as well. Cerro-
Lopez et al. [34] studied the process of electrodepositing PbO2
onto TNTA in galvanostatic method, in which PbO2 deposited
evenly on the whole nanotube at the first few seconds and then
started to form a cover layer on the top surface of TNTA. To avoid
the formation of the cover layer and achieve a controllable 1-D
structure, bottom-up deposition and pulse deposition on TNTA
has been widely studied. For bottom-up deposition, Macak et al.
[35] prepared TNTAs with higher conductivity of the bottom by
controlled doping treatment. With a controlled polarization time of
2e5 s, only the bottom of nanotube was doped which displayed
higher conductivity than the tube wall, which made the bottom-up
electrodeposition of copper possible and finally formed solid cop-
per nanorods. Wang et al. [36] reported an approach of complete
filling semiconductor in TNTA. This study underlined bottom-up or
top-overlaying deposition by adjusting the ambipolar diffusion
length of electron and ion by changing the solvent composition and
precursor concentration of electrolyte. For pulse deposition, Sang
et al. have achieved evenly depositing of Cu on TNTA with pulse
time of 0.1s and relaxation time of 0.3s. However, both bottom-up
deposition and pulsed deposition lead to end-block layer at the
bottom of TiO2 nanotube. As the catalyst layer on the tube wall of
TNTA is required to be an open-end and continuous tube to form a
self-supported nanoarrays with optimum utilization of catalyst
surface, themain challenge is to deposit continuous catalyst layer at
the upper part of nanotube without forming a compact cover layer.

In this study, a cyclic voltammetry (CV) deposition method was
applied for depositing IrOx into TNTA. Different from the previous
reports, the deposition of IrOx nanotube arrays with tunable length
has been achieved successfully without any modification of TNTA.
Meanwhile, the as-prepared IrOx NAs could be controlled as two
morphologies, open-end nanotube arrays (NTs) and hollow nano-
rod arrays (NRs). The synthesis method and the possible mecha-
nism of controlled deposition have also been presented in this
study. In order to investigate the performance of such vertical
aligned nanotube arrays on OER, IrOx NAs were transferred onto
Nafion membrane and tested in a half cell electrochemical system.
Various electrochemical characterization techniques, including CV,
LSV and EIS were used for testing the performance and stability
under OER potential.
2. Experiment

2.1. Preparation of IrOx NAs

The vertically aligned IrOx NAs were prepared by adopting 3
major steps: (1) electrodeposition, (2) transferring, and (3) tem-
plate removal step as Fig. 1 shows. Titanium foils
(35 mm � 10 mm � 0.1 mm) were degreased by ultrasonic treat-
ment in ethanol and deionized water and were used to synthesize
TNTA with by anodizing in 0.4 mol/L NaF solution with an applied
potential of 15 V for 1 h. After calcining at 623 K for 1 h, TNTA was
applied as a working electrode for electrochemical deposition of
IrOx by CV method with different scan rates ranging from 20 mV/s
to 150 mV/s. The range of CV scan was from 0.2 V to 1.0 V (vs. RHE)
with graphite rod and Ag/AgCl electrode used as counter electrode
and reference electrode, respectively. The Ir precursor was pre-
pared as reported previously [30].

Before attaching to Nafion membrane, Nafion ionomer was
coated on to IrOx by dropping 10 ml of 0.05 wt% Nafion solution,
followed by drying under an infrared lamp. This step was consec-
utively repeated for 5 times, and then the samplewas dried at 353 K
under vacuum.

Then IrOx@TNTAwas hot-pressed onto the Nafion membrane at
the temperature of 413 K and pressure of 4 MPa for 90s. After that, a
two-step etching was conducted to remove the template by etching
in 0.2%wt and 20%wt HF successively to obtain IrOx NAs, which is
crucial to obtain a catalyst layer of IrOx NAs by avoiding the damage
caused by hydrogen generated during the removal of metal
titanium.

2.2. Characterization

The morphology of as-prepared samples was observed by
scanning electron microscope (SEM, Hitachi S4800). Transmission
electron microscope (TEM, JEM-2100 F) is used to study
morphology and crystal structure. The chemical state of IrOx NAs
was analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi spectrometer with Mg Ka source with hv ¼ 1253.6 eV under
vacuum). The loading amount of IrOx NAs on the Nafion membrane
was measured by X-ray fluorescence (XRF, AXIOSmAX-PETRO,
PANalytical B$V.) with 0.1 mg Pt as internal standard.

2.3. Electrochemical analysis

The electrochemical test of performance of OER in ultrapure
water was carried out with a three-electrode system in self-made
half-cell (Fig. S1). All the electrochemical measurements were
performed with CHI660 electrochemical workstation in three-
electrode system, in which Pt coated Ti foil was used as a counter
electrode and Hg/Hg2SO4 electrode was used as a reference elec-
trode. A porous Ti plate with the surface area of 1 cm2 is used as a
current collector. The Nafion membrane across the reference
chamber and reacting chamber act as a salt bridge.

3. Result and discussion

3.1. Electrodeposition of IrOx on TNTA

The electrodeposition of IrOx was conducted by cyclic voltam-
metry scan ranged from 0.2 V to 1.0 V with Ir precursor of
[Ir(COO)2(OH)4]2- (Fig. 2a). The deposition reaction occurs at posi-
tive scanning with potential above 0.8 V by oxidizing the oxalic acid
ligand and release CO2 as given by the equation below [37,38]. The
redox peak at around 0.65 V can be attributed to the transformation
of IrⅣ/IrⅤ, which represent the electrochemical surface area of IrOx.



Fig. 1. Scheme for the preparation strategy for IrOx NAs.

Fig. 2. (a) CV curve of IrOx depositing on TNTA with a scan rate of 20 mV/s, (b) The relationship between the increment of peak current at 1.0 V (DIp) and numbers of depositing
cycles (Nc).
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[Ir(COO)2(OH)4]2- / IrOx þ 2CO2 þ 2H2O þ 2e� (1)

During the electrodeposition process, the current in Fig. 2a was
found to be smoothly increasing with the increasing number of
deposition cycles, which indicates the continuous formation of IrOx.
To obtain a further insight of the depositing process, the variation of
increment of peak current at 1.0 V (DIp) in positive scan with the
numbers of cycles (Nc) is studied (Fig. 2b). In the first few cycles, the
current increases quickly with the increase in the number of cycles.
As the deposition continues, with the increasing amount of the
nucleus of IrOx, particle growth becomes dominant gradually and
results in increasing DIp. After the peak value of DIp is reached, it
gradually starts decreasing. It is probably due to two following
reasons: 1) active surface area decreases due to the formation of a
dense layer of IrOx from isolated particle; 2) loss of accessible IrOx

surface for deposition inside the nanotube due to the gradually shut
down of the tube’s mouth arising from IrOx deposition.

When the deposition keeps on proceeding, the curve of Nc-DIp
reaches a plain averagely, which indicates the formation of a cover
layer of IrOx on the top surface of TNTA. The cover layer hinders the
diffusion of Ir precursors form the bulk electrolyte to the tube wall
and further results in a preferential deposition on the cover layer. It
can be verified by the fact that the length of IrOx nanotube prepared
at the scan rate of 20mV/s with 50, 100 and 150 cycles were similar.
By contrast, cover layers with thickness of 103 nm and 155 nmwere
presented when exceeding numbers of depositing cycles were
applied (Fig. 3). Therefore, it is unlikely to obtain longer IrOx NAs
just by increasing the number of cycles.
3.2. Length control of IrOx NAs

The electrodeposition of IrOx is a diffusion-controlled process
[39]. The study of electrodeposition in anodic alumina oxide (AAO)
reported by Graf [40] shows that, with continuous depositing, the
precursor concentration at the bottom of nanotube decreased as
the length of AAO increased. It is suggested that a concentration
gradient along the nanotube can be formed with continuous
deposition and the electrodeposition in nanotube is a diffusion-



Fig. 3. The SEM image of IrOx NAs synthesized by deposition at the scan rate of 20 mV/s with 50 cycles (a), 100 cycles (b) and 150 cycles (c) that performs similar length with
different thickness of cover layer.
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controlled process. In our study, unlike AAO, the whole nanotube of
TNTA is electrically conductive. Electrodeposition was observed at
the mouth, bottom, and the wall of TiO2 nanotube, which enhances
the consumption of precursor along the nanotube. Therefore, to
improve the inner deposition of nanotubes, the concentration
distribution of Ir precursor inside the tubes plays a crucial role. By
varying the scan rate of CV during the deposition process, the
duration time of Ir deposition and relaxation time for the rebuilding
of the precursor can be tuned, and this would affect the concen-
tration and distribution of Ir precursor along the nanotube. To
investigate the morphology control of IrOx NAs with CV electro-
deposition, IrOx NAs synthesized with various scan rates were
studied (Fig. S2). IrOx NAs in Fig. 4 clearly show the different length
which prepared by altering scan rate in CV deposition process. At a
relatively slow scan rate of 50 mV/s, IrOx nanotubes with length of
approximately 550 nmwere obtained (Fig. 4a). Furthermore, as the
scan rate increased, for example at the scan rate of 70 mV/s, the
length of the nanotubes increased to 1100 nm (Fig. 4b). Moreover,
the further increase in the scan rate to 80 mV/s or above, the length
of the IrOx NAs stretched to over 1400 nm, which reaches to the
maximum as it equals to TNTA template (Fig. 4c). Fig. 5 displays the
relationship between the scan rate and the length of the IrOx NAs,
in which three stages are presented. With the precursor concen-
tration of 1.3 mgIr/ml and the scan rate below 50 mV/s, nanotubes
with the length around 500 nm can be obtained. Further increase
the scan rate to 80mv/s, the length of nanotubes was found
increasing almost linearly with the scan rate until it reaches to the
maximum. This suggests a scan rate dependence in the length
control of IrOx NAs by CV deposition method.

The result above can be explained by the electrodeposition
process on the inner wall of the tube (Fig. 6). At the beginning of the
deposition, when the applied potential was lower than the
oxidizing potential of oxalic acid ligand, the precursor was homo-
geneously distributed in the TNTA. At the start of the deposition
process, only a small amount of IrOx particles were averagely
deposited on the entire nanotube. Along with the continuation of
Fig. 4. The SEM image of IrOx NAs with different length prepared at
the deposition, there was a rapid decrease in the concentration of Ir
beneath the mouth of the TNTA and concentration gradient, which
decrease from the mouth to the end of TNTA, formed as the
simultaneous effect of diffusion and deposition. Consequently,
uneven deposition along the nanotube occurred and the deposition
at the depth of nanotube, where the supply of Ir precursor form
bulk electrolyte cannot reach, was terminated. In contrast, at the
mouth of the nanotube, the deposition proceeded constantly with
sufficient diffusion and eventually formed a cover layer of IrOx on
the mouth of TNTA as described in 3.1. In a nutshell, for the elec-
trodeposition process in each cycle, both even and uneven de-
positions are involved along the TNTA. However, the extent of
evenness is characterized by the duration of continuous deposition,
which in turn is determined by the scan rate as pointed out in this
study.

Thus, the slower scan rate exhibits an extended duration of IrOx
deposition, which exhausts the precursor inside the nanotube even
before the deposition of single cycle ends and results in preferential
deposition at the mouth of the nanotube. And longer duration of
IrOx deposition in a single cycle leads to the formation of cover layer
within fewer number of depositing cycles. In addition, the insuffi-
cient nucleation sites prohibit the formation of a continuous layer
of deposited IrOx particles at the inner wall of the nanotube before
the mouths of TNTA are blocked. Thus, only short IrOx nanotube are
formed near the mouth of the TNTA. Unlike lower scan rate, at a
substantially higher scan rate, the deposition time in each cycle is
relatively short, which requires comparatively a larger number of
cycles to form the cover layer at the tube’s mouth. Henceforth, it
facilitates the mobility of Ir precursor into the nanotube and allows
an improved inner deposition. Therefore, higher scan rate leads to
more uniform deposition and longer continuous nanotubes.

The controlled deposition with a lower concentration of Ir
precursors advances in relevance to the aforementioned study and
presents a linear region between the scan rate of deposition and
length of IrOx NAs. As shown in Fig. 5b and c, we can see that, with
lower concentration of precursor i.e. 0.65 mgIr/ml and 0.26mgIr/ml,
different scan rate of 50 mV/s (a), 70 mV/s (b) and 80 mV/s (c).



Fig. 5. The relationship between the length of IrOx NAs and a scan rate of IrOx deposition on TNTAwith different concentration of Ir precursor of 1.3 mgIr/ml (a), 0.65 mgIr/ml (b) and
0.26 mgIr/ml (c).

Fig. 6. Scheme of depositing model controlled by scan rate of CV.
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the linear stage shifts to the lower scan rate, and longer nanotubes
can be obtained at the same scan rate value. It signifies that due to
the lower concentration of precursor, the deposition rate at the
mouth of the TNTA reduces, which in turn requires more cycles to
form the covering layer. This enables the optimum transport of Ir
precursor, fashioning the uniform deposition along the nanotubes.

It can be noted that the deposition of IrOx on the TNTA can be
divided into two different part depending upon the trend of
depositing rate as the deposition goes on. The deposition at the
mouth of the TNTA remains constant due to sufficient diffusion,
which is determined by the total depositing time and depositing
rate. However, the uniform deposition of IrOx on the tube wall is
mainly determined by the total number of depositing cycles prior to
the formation of a cover layer. Furthermore, it can be presumed that
by employing a longer template, longer IrOx NAs can be obtained by
further increasing the scan rate.
3.3. Characterization of IrOx nanoarrays

As can be seen from SEM images, the obtained IrOx NAs con-
sisted of nanotube surrounded by porous nanotube (Fig. 7a) or one-
dimensional hollow nanorod (Fig. 7b). In order to identify the
chemical composition of IrOx NAs, EDS was implemented as shown
in Fig. 7c. The results indicate that the obtained nanoarrays is pure
IrOx and the template has been completely removed. The trace
signal of titanium is supposed to be residual titanium ion absorbed
at the surface of IrOx NAs after the etching treatment. The signals of
F element shown in the EDS data may arising from the F in per-
fluoro sulfonic acid ionomer such as Nafion sprayed on IrOx NAs.
Unlike the study performed by Macak [35] and Wang [36] which
emphasized on solid nanorod arrays by bottom-up deposition with
themodification of TNTA or electrolyte, our study encompassed the
deposition of the entire nanotube without any modification of the
TNTA. Consequently, nanotube or hollow nanorod structure were



Fig. 7. The morphology of IrOx nanotube arrays (a) and IrOx hollow nanorod arrays (b); EDS of IrOx NAs (c) and TEM (f) image of IrOx nanotube arrays (d).

Z.-X. Lu et al. / Electrochimica Acta 348 (2020) 1363026
obtained in this study. The hollow nanorod or nanotube with an
average outer diameter of 60 nm was found consistent with IrOx
deposited on the inner tube wall of TNTA, while the porous struc-
ture was observed to be IrOx deposited on the outer tube wall of
TNTA. As there were ribs that partly connected adjacent tubes on
the outer tube wall of TNTA (Fig. S3b), IrOx could not form a
completely continuous layer along the entire outer tube, which
resulted in the formation of porous nanotubes. Fig. 7b shows that
IrOx NAs with larger aspect ratio were found to be accumulated.
This phenomenonwas also observed in the study of PdeFe nanorod
reported by Nevin [41]. By transmission electronmicroscopy (TEM),
the outer diameter of the nanotube was found to be approximately
57 nm, which ratified the inner diameter of the TNTA (Fig. 7d).

The chemical state of Ir in Ir oxides is very crucial to OER per-
formance. Recent studies [10,42] indicated that Ir in lower oxida-
tion state such as Ir3þ can be used as an ex-situ descriptor for OER
activity prediction. In-situ XAS studies revealed that Ir3þ species
can transform to higher valence of Ir species under oxidation po-
tential, and then active O species (O�) will form to maintain the
charge balance. These active O species can facilitate the formation
of OeO bond and speed up OER kinetics [43]. In view of this, X-ray
photoelectron spectroscopy (XPS) was used to investigate the
chemical state of IrOx NAs. As shown in Fig. 8a, in the spectrum of Ir,
two peaks around 62.5 eV and 65.5 eV are corresponding to Ir4f5/2
and Ir4f7/2 of Ir3þ, while the peaks at 63.4 eV and 66.3 eV are
assigned to Ir4þ. The result suggests that Ir species in IrOx prepared
by electrochemical deposition mainly exists in form of Ir3þ, which
is consistent to our previous study [30].

The spectrum of O1s core level is measured to investigate the
chemical state of O species of IrOx. Considering the absence of Ti
signals in XPS spectra (Fig. S6), the O signals in the O1s spectra must
be related to the O species in Ir oxides and Nafion ionomer. In
Fig. 8b, threemain peaks are characterized. The peak around 530 eV
and 532 eV are assigned to lattice O in oxide and eOH group,
respectively, while the peak at 533.5 eV corresponds to the
absorbed water. Also, there is a weak peak centered at 534 eV,
which can be assigned to the O species of Nafion [44,45]. This
suggests the little contribution of Nafion on O 1s spectra and the
strong peak around 532 eV is mainly due to the large amount of
IreOH on the surface of nanoarrays, which is consistent to the
dominated Ir3þ for Ir species. Such high concentration of eOH
group is in line with the results of Ir oxides prepared by electro-
chemical depositionmethod, and it is also an indication of high OER
activity [46].

3.4. Electrochemical performance of IrOx nanoarrays

The electrochemical performance of IrOx NAs with different
morphology were studied in home-made half-cell. The CV curve of
different IrOx NAs with a scan rate of 100 mV/s are presented in
Fig. 9a. There are two pairs of redox peaks around 0.9 V and 1.3 V,
which correspond to the transformation of IrIII/IrⅣ and IrⅣ/IrⅤ,
respectively. The area in CV curves can be used to reflect the elec-
trochemical surface area of catalyst. It can be observed that larger
electrochemical active surface area (ECSA) was observed with the
increasing length of IrOx nanotube. For the sample with hollow
nanorod structure, lower capacitance current was found compared
to a nanotube structure, which can be ascribed to the inaccessible
inner surface of nanotubes due to the sealed tube mouth. Hence-
forth, the open-end nanotube structure is expected more favorable
for achieving higher utilization of catalyst in a one-dimensional
structure.

The OER activity of as-synthesized IrOx NAs is shown in Fig. 9b.
Compared with the conventional catalyst layer prepared by
spraying method with commercially IrOx nanoparticles (loading
amount: 3.8 mgIr/cm2), IrOx hollow nanorod arrays with a length of
500 nm (loading amount: 0.18 mgIr/cm2) showed the comparable
current density of OER with 20 times lower loading amount of IrOx.
This indicates a significant improvement of Ir mass activity with
IrOx nanotube arrays. Such high performance can be explained by



Fig. 8. The XPS spectrum of Ir 4f core level (a) and O 1s core level (b) of IrOx NAs.

Fig. 9. CV tests of IrOx NAs under the scan rate of 100 mV/s(a); LSV tests of IrOx NAs and commercial IrOx nanoparticles under the scan rate of 1 mV/s (b); comparison of OER
activity of IrOx NAs with different morphology (c) and IrOx nanotube with different length (d) at 1.5 V.
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the higher activity of electrodeposited Ir oxides and highly ordered
1-D nanostructure. For nanotube arrays with open-end structure,
the sample with length of 500 nm performs 7.16 mA/cm2 at 1.5 V,
which is 2.9 times and 2.4 times higher than that of nanorod arrays
and commercial IrOx nanoparticle. This result indicates a potential
influence of morphology on OER activity. Similar result is also
observed in the comparison of the samples with both length of
1400 nm but different morphology (Fig. 9c).

Fig. 9d depicts the influence of nanotube length on OER per-
formance. The OER activity was found increases with the increasing
of tube length. For the samples with length shorter than 1100 nm,
the OER current increases almost linearly with tube length. While
the length exceeds 1100 nm, the current tends to reach a constant
value. Such limited OER current of the sample with longer tube can
be explained by the restricted ECSA, which must be due to the lack
of proton access to the active sites which located far from the
membrane surface. In addition, the longer nanotube may also affect
the mass transport in the catalyst layer such as oxygen gas evolu-
tion and water transport to the active sites.

As discussed above, IrOx nanotube arrays with vertically aligned



Fig. 11. Current retention of IrOx NAs at 1.5 V after stability test.
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structure exhibited remarkable enhancement of surface area and
OER current than the conventional catalyst layer. In order to pre-
sent the advantage of such vertically aligned and continuous tubes,
the complex capacitance of nanoarrays and conventional catalyst
layer measured by EIS method and presented. The EIS plot has been
demonstrated as a useful tool for studying the porous electrode
[47], and the complex capacitance can be easily transformed from
Nyquist plots. Capacitance and impendence can be correlated with
each other as shown below:

C’ðuÞ¼ �Z’’ðuÞ
ujZðuÞj2

(2)

C’’ðuÞ¼ Z’ðuÞ
ujZðuÞj2

(3)

C0(u) is the real part of the complex capacitance. From the plot of
C0(u) vs. frequency, the total capacitance of the electrode can be
calculated by extrapolating at extremely low frequency. C’‘(u) is
defined as the imaginary part [48]. From this complex capacitance
plot, relaxation time, which reflects the migration of ions in the
electrode can be obtained. In Fig. 10, the C’‘(u) of all the IrOx NAs
sample exhibit maximum at certain frequency (f) respectively, and
the corresponding relaxation time constant equals to be 1/f. The
IrOx nanotube arrays shows the relaxation time range from 1.47 to
5.62 s. In contrast, the C’‘(u) of the conventional catalyst layer does
not show a peak in frequency range applied in the test. Henceforth,
it is obvious that IrOx nanotube arrays showed a shorter relaxation
time, suggesting the lower resistance of ion transport [49].

To assess the OER stability, potentiostatic test at 1.55 V vs. RHE
was applied in home-made half-cell for 10 h, and the current
retention at 1.5 V was used to evaluate the stability. During stability
Fig. 10. The curve of imaginary capacitance e frequency of IrOx NAs
test, a typical i-t curve was observed in Fig. S7. The relative stable
OER current with time indicates the stability of as-prepared sam-
ple. The current retention of different samples after 10 h anodic
polarization are all above 90% (Fig. 11), suggesting the excellent
durability. This is very different to the stability results of such
electrodeposited IrOx. According to previous reports [50], IrOx
prepared by anodic electrodeposition method always show higher
performance but poor OER stability. In the present work, the
electrodeposited IrOx, however, exhibit unexpected stability. Such
results may be explained by the unique structure of nanotubes
which can mitigate the particle agglomeration, dissolution and
stabilize the active surface area [51,52].
in 1 cm2 half-cell testing for the calculation of relaxation time.
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4. Conclusion

Using TNTA as a removable template, this study proposed a
controlled electrodeposition method to synthesize open-end IrOx
nanotube arrays with the controllable length for the application in
the anode catalyst layer of PEM water electrolysis. By applying
different scan rate and concentration of Ir precursor, the length of
IrOx nanotube arrays was varied from about 500 nm to 1400 nm.
The mechanism of tunable synthesis is characterized for utilizing
the diffusion-controlled deposition along nanotube with the high
aspect-ratio. The IrOx nanotube arrays structure equipped with
open-end can be an appropriate choice to prepare a catalyst coated
membrane. The OER activity of IrOx NAs@Nafion is correlated to the
surface area of exposed IrOx and revealed a prominentmass activity
with enhanced ion transport compared to IrOx nanoparticle. By
using open-end 1-D nanotube arrays electrode, the requirement of
current density can be met with much lower loading of the noble
metal. And prominent stability of IrOx NAs sample are shown,
guaranteeing possibility of practical application as order electrode
for MEA. Furthermore, it is possible to extend the tunable length of
obtained nanoarrays to the order of millimeter by applying TNTA
template with long length that prepared in ethylene glycol
electrolyte.
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