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Ni-core CuO-shell ﬁbers produced by
electrospinning and electroplating as eﬃcient
photocathode materials for solar water splitting†
Hong-Seok Jo,‡a Min-Woo Kim,‡a Bhavana Joshi,a Edmund Samuel,a Hyun Yoon,b
Mark T. Swihart c and Sam S. Yoon *a
Charge recombination in CuO photocathodes inhibits eﬃcient electron ﬂow and limits the photoelectrochemical performance of these cathodes for solar water splitting. To circumvent this shortcoming,
we introduce highly conductive Ni/CuO core–shell structured ﬁbers. The photocurrent density (PCD)
achieved with these core–shell ﬁbers exceeded that of ﬁbers without a Ni core by a factor of 2.6. The
PCD enhancement arises from increased acceptor concentration and electron–hole recombination time,
as measured by electrochemical impedance spectroscopy. These core–shell nanoﬁbers were fabricated
via electrospinning and electroplating. First, a polyacrylonitrile ﬁber was electrospun and then seeded with

Received 5th February 2018,
Accepted 6th May 2018
DOI: 10.1039/c8nr01070f
rsc.li/nanoscale

1.

metal via sputtering. Second, electroplating was used to encase and metalize the ﬁber with Ni and Cu.
Finally, the outermost Cu shell was oxidized to CuO, which is an eﬀective photocathode for solar water
splitting. The Ni–CuO, core–shell layers were characterized by scanning electron microscopy, elemental
mapping, X-ray diﬀraction, and X-ray photoelectron spectroscopy. The core Ni content and number of
core–shell ﬁbers per area were optimized through parametric studies.

Introduction

H2 generation from solar-driven water splitting by photoelectrochemical (PEC) processing has shown immense potential as a source of clean energy.1,2 As a fuel, H2 exhibits a
specific energy density about three times that of gasoline.3 In
general, PEC performance is determined by the electrode
characteristics, such as electrical conductivity, bandgap, and
recombination rate. The commercialization of PEC-based
hydrogen production is hindered by the low eﬃciency, chemical instability, and high cost of PEC cells.4 Preparation of
photoelectrodes from earth-abundant elements to lower the
cost of such cells is therefore of great interest. Multilayer
heterojunction structures with maximized light absorbance
would improve the solar eﬃciency of a PEC cell. The chemical
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stability of cells can be improved by adding thin protective
layers to the electrode–electrolyte interface.5–7
In general, PEC devices use n-type semiconductors as
photoanodes at which oxygen is produced, and p-type semiconductors as photocathodes at which hydrogen is produced.
NiO, CuO, and Co3O4 have been used as photocathode
materials.8,9 Nanostructured electrodes often provide improved
PEC performance by increasing the number of reactive sites at
the electrode–electrolyte interface.8,10 CuO has a bandgap of
1.3–1.8 eV, and thus can absorb the majority of the visible
light spectrum. In addition, CuO is naturally abundant and
nontoxic; thus, it shows promise as a commercial photocathode candidate. However, the low conductivity of CuO
induces a high electron–hole recombination rate after photoexcitation. This rapid charge recombination causes rapid electron depletion at the electrode–electrolyte interface, leading to
poor PEC performance. In general, two methods can be used
to overcome this rapid electron depletion: doping with metals
such as Co, Ni, Fe, and Mn, and the introduction of heterojunction layers.11–13 Metallic doping enhances electrical conductivity while heterojunction layers facilitate electron trapping, which generally enhances electron–hole separation.
Baturay et al.14 doped CuO with Ni and demonstrated an
improved PEC cell with increased electron mobility. Chiang
et al.12 introduced eight diﬀerent doping materials to investigate
their eﬀects on the PEC performance of CuO. They concluded
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that Li and Ni were the most suitable for PCD enhancement.
Ni addition altered the H+ binding energy, which rapidly
released electrons towards the surface to promote PEC activity.
Ha et al.13 used Ni as a dopant for a nanostructured CuO photocathode and demonstrated PCD enhancement. Dubale et al.15
used Ni as a co-catalyst electrodeposited on Cu2O/CuO layers.
Herein, we fabricate a Ni fiber encased by a Cu shell, thereby
forming a novel Ni–Cu core–shell nanofiber for use as a hybrid
photocathode material. The post-annealing process converts the
Cu outer shell to semiconducting CuO, allowing the fiber to
function as a photoactive material while the inner Ni remains
metallic and highly electrically conductive. The network of conductive Ni cores with thin CuO shells provides rapid transport
of electrons from the external circuit; thus, the recombination
rate is reduced significantly.16 The fibrous structure of the electrode increases the surface-to-volume ratio, thereby increasing
the number of reaction sites and decreasing the transport distance for photogenerated carriers. The one-dimensional nature
of the fiber also contributes to the rapid transport of electrons
from the external circuit. We investigated the eﬀect of the
amount of Ni on the overall PEC performance by controlling the
electrospinning time used to fabricate the Ni fiber.

2. Experimental section
2.1

Materials

The electrospinning solution for fabricating polymer nanofibers was formed by dissolving 8 wt% and 6 wt% polyacrylonitrile (PAN, Mw = 150 kDa, Sigma-Aldrich, USA) in N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich, USA). The
solution of Ni for electroplating was prepared by blending 80 g
Ni(SO3NH2)2·4H2O (Sigma-Aldrich, USA) and 6 g H3BO3
(Sigma-Aldrich, USA) in 200 mL deionized (DI) water; the pH
was adjusted to 4.5 by adding 1 M NaOH (Sigma-Aldrich, USA).
The Cu electroplating solution was prepared by mixing 5 g
H2SO4 (Matsunoen Chemicals, South Korea), 0.5 g HCl (SigmaAldrich, USA), 13 g CuSO4 (Sigma-Aldrich, USA), and 10 g formaldehyde (Sigma-Aldrich, USA) in 100 mL DI water, followed
by stirring for 1 h at room temperature.
2.2

Preparation of Ni and CuO fibers

The overall process of manufacturing photocathodes from Ni
fibers (Ni Fs) and CuO fibers (CuO Fs) is presented in Fig. 1.

Fig. 1 Schematic of the manufacturing process for Ni ﬁber and CuO
ﬁber layers.
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The fabrication of Ni F proceeded as follows: first, the 8 wt%
PAN solution was electrospun for deposition times of te = 5,
10, 20, and 30 s, onto a square Cu frame measuring 2 × 1 cm2.
The precursor was supplied at 200 μL h−1 and 5.5 kV using a
needle (25 gauge, EFD), a syringe pump (Legato 100, KD
Scientific), and a DC power supply (EL20P2, Glassman high
voltage). Second, Pt particles were deposited by sputtering
(Vacuum Device Inc., MSP-1S) on the nanofiber surface for Ni
electroplating. Third, the Pt-decorated nanofibers were electroplated with Ni at an applied voltage of 6 V and electroplating
time tNi = 10 s. Finally, the Ni fibers were transferred to a 2 ×
1 cm2 In-doped Sn oxide (ITO) coated glass substrate and
dried with N2 for a few seconds.
For CuO photocathode preparation, Cu was electroplated
onto the ITO substrate bearing the Ni Fs at an applied voltage
of 1 V for 10 s. The electroplated Ni/Cu Fs on ITO were rinsed
with water and dried with N2 gas for a few seconds. Next, one
more layer of PAN (6 wt%) nanofibers was electrospun for 60 s
at 130 μL h−1 and 5 kV over the Ni/Cu Fs. Then the PAN nanofibers were seeded with Pt nanoparticles and electroplated
again with Cu for 15 s. This second cycle of electrospinning
and electroplating was required to produce a suﬃciently thick
CuO layer for optimal absorbance of light while also providing
an overall average CuO concentration gradient from the electrode–electrolyte interface ( pure CuO) to the fiber mat-ITO
interface. This overall composition gradient can facilitate
charge separation. The Ni/Cu@PAN/Cu Fs on ITO were rinsed
with water and dried. Finally, the samples were heated at a rate
of 5 °C min−1 to 500 °C and annealed at 500 °C in air for 1 h,
yielding Ni/CuO fibers. The CuO formed a layered structured
over the ITO as well as the core–shell Ni–CuO structures after
annealing. Hence, the Ni core is henceforth described as the
under-layer.

2.3 Photoelectrochemical and electrochemical impedance
spectroscopy (EIS) measurements
The photoelectrochemical characteristics of the Ni/CuO Fs
were measured by a three-electrode cell. The Ni/CuO Fs, an Ag/
AgCl electrode, and a Pt wire were used as the working, reference, and counter electrodes, respectively. The electrolyte was
a 1 M KOH ( pH = 14) solution. The photocathode was illuminated from the front side with artificial sunlight by a Xe arc
lamp with an AM 1.5 filter (Newport Oriel Instruments, USA)
at an intensity of 100 mW cm−2. The distance from the photocathode to the lamp was adjusted to the light intensity of
100 mW cm−2 using a power meter (1919-R, Newport Oriel
Instruments, USA) and an optical sensor (918D-UV-OD3R,
Newport Oriel Instruments, USA), and fixed near 10 cm.
The photocathode of 1 × 1 cm2 area was immersed into the
electrolyte. All photocurrent data were recorded by a potentiostat (VersaSTAT-3, Princeton Applied Research, USA) at a scan
rate of 10 mV s−1 over the applied voltage range of 0.1 to −0.5 V
with Ag/AgCl as the reference electrode. The electrochemical
impedance was characterized using the same VersaSTAT-3
setup under light. The frequency range was from 100 kHz to
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0.1 Hz and the AC amplitude was 10 mV during the
measurements.
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2.4

Characterization

The morphologies and elemental compositions of the Ni and
CuO Fs were analyzed using a scanning electron microscope
(SEM, S-5000, Hitachi), a field-emission SEM with energy-dispersive X-ray spectroscopy (FE-SEM/EDX, Quanta 250 FEG,
FEI), and a field-emission TEM (Tecnai G2 F30ST, Thermo Fisher
Scientific). The sheet resistances of the Ni Fs were measured by a
sheet resistance meter (FPP-400, Dasol ENG). The phases and
oxidation states of the Ni/CuO Fs after annealing at 500 °C were
identified by X-ray diﬀraction (XRD, SmartLab, Rigaku), X-ray
photoelectron spectroscopy (XPS, Theta probe base system or
Ulvac PHI/X-tool), and UV-VIS-NIR spectrophotometry (Cary
5000, Agilent Technologies), respectively.

3. Results and discussion
3.1

Film characterization

Fig. S1† shows top-view SEM images of the Ni Fs on ITO for
diﬀerent electrospinning times te. The diameters (D) of the Ni
Fs decrease as the te is increased from 5 to 30 s, because the
amount of Ni electroplated per unit area decreases as the total
surface area of PAN nanofibers increases, at a fixed electroplating time (tNi). At the same time, the electroplating current
increases with increasing te (increasing fiber surface area), so
that the total amount of nickel electroplated increases with
increasing te, even as the amount per fiber decreases. As
shown in Table 1, the sheet resistance (Rs) decreases from 4.8
to 2.2 Ω sq−1 with increasing te. This shows that the eﬀect of
the increased number of Ni F junctions, increased number of
fibers, and increased total amount of Ni, all of which decrease
sheet resistance, is greater than the eﬀect of the decrease in D,
which increases the resistance of each fiber. This three dimensional network of sub-micron Ni Fs with high electrical conductivity promotes fast charge transfer and allows high current
densities at low potential.
Fig. 2 shows SEM images of the Ni/CuO Fs for te = 5, 10, 20,
and 30 s. Ni Fs are enveloped and buried after the second
round of Cu electroplating, as shown in Fig. 2a. However, with
increasing te and the resulting increased areal density of Ni Fs,
the deposited fibers form multilayer structures. The fraction of
Ni Fs encased in CuO is decreased in these multilayer structures. Further, the diameter of the top-layer CuO Fs also

Table 1

decreased with increased areal density of Ni Fs (see Fig. 2b).
When te = 5 s for the Ni Fs, the diameter of CuO Fs at the top
is approximately 2.3 μm; this decreases to 2.0, 1.5, and 1.1 μm
as te increases to 10, 20, and 30 s, as shown in Fig. 2b. This
decreased diameter of top-layer CuO Fs may be attributed to
the preferential electroplating of Cu on the highly conductive
surfaces of Ni/Cu fibers prepared in the first electroplating
time, relative to the lower conductivity of the newly spun PAN
nanofibers with Pt-seeding. Fig. 2c shows cross-sectional SEM
images of CuO Fs over Ni F (deposited for te = 5, 10, 20, and
30 s). Moreover, Fig. 2d reveals the axial core structure of the
Ni/CuO Fs after the first electroplating step, where CuO covering the Ni cores is verified by the elemental mapping of Cu, O,
and Ni. Some traces of O observed over the Ni core may arise
from annealing at 500 °C.
The cross sectional image of Ni/CuO Fs analysed by
transmission electron microscopy, presented in Fig. 3a, confirms the formation of Ni/CuO core–shell fibers. Elemental
mapping of the fiber shows a thicker Cu (red) and O (yellow)
domain, consistent with formation of CuO as a shell layer.
The central region of the fiber shows the presence of Ni
(blue), while oxygen is observed only at the interface of Ni/
CuO forming a thin layer of NiO. This confirms that the core
is metallic Ni, which can support fast electron transport
towards CuO in PEC tests. Moreover, the SAED pattern
(Fig. 3b) was obtained from three diﬀerent areas of fibers,
marked as A, B and C in Fig. 3a. The characteristic rings of Ni
corresponding to (010), (011), (110) and (114) planes are
observed in the core region (A Part) where no NiO related
diﬀraction rings are observed, further confirming the presence of a metallic Ni core. The interface area labelled B
shows diﬀraction rings of NiO and CuO indexed as (122),
ˉ11), (111), (202), (220) planes respectively. The
(024) and (1
shell region labelled C shows (110) (111), (112), (202), (004)
(130) planes attributed to CuO. The reflections of Ni, NiO and
CuO in SAED are in agreement with JCPDS cards 41-1027, 441159 and 72-0629 respectively.
The overall crystalline phases of CuO and Ni were determined from the XRD patterns of the Ni/CuO Fs, shown in
Fig. 4a. Here, Ni was electroplated on fibers electrospun for
20 s. Then, after two layers of Cu electroplating, the sample
was annealed at 500 °C. The diﬀraction peaks of Ni are observed
at 2θ values of 44.4 and 51.8°. Because Ni is located at the core
and constitutes a smaller fraction of the overall sample compared to CuO, its diﬀraction peak intensity is lower than that of
CuO. In addition to Ni, the broad hump around 44° could indi-

Parameters of Ni Fiber and Ni–CuO F composites

Ni fiber

Ni–CuO F composites

Parameter

te [s]

Ω sq−1

D [μm]

Rct1 [Ω]

Rct2 [Ω]

C2 [10−7 F]

τn [10−4 s]

1
2
3
4

5
10
20
30

4.8
3.4
2.9
2.2

1.53
1.25
1.05
0.95

325
312
287
267

647
932
1179
653

8.83
9.02
10.4
12.1

5.72
8.41
12.2
7.88
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Fig. 2 Top-view SEM images of Ni–CuO (te = 5, 10, 20 and 30 s) ﬁbers, (a) low-magniﬁcation and (b) high-magniﬁcation. (c) Cross-section view of
Ni–CuO (te = 5, 10, 20 and 30 s) ﬁbers and (d) elemental mapping of Ni–CuO core–shell ﬁbers with te = 20 s.

cate some NiO formation. The dominant CuO peaks are
observed at 2θ values of 32.5, 35.6, 38.7, 48.9, 53.4, 58.2, 61.6,
65.8, 66.5, 67.9, 72.5, and 75.2°, corresponding to the (110),
(−111), (111), (−202), (020), (202), (−113), (022), (−311), (113),
(311), and (−222) planes, respectively; these are consistent with

Fig. 3 (a) Cross-sectional TEM image and elemental maps of Cu, O and
Ni for Ni–CuO te = 20 s photoelectrode. (b) SAED patterns of three parts
marked in (a) conﬁrm the metallic Ni core at position A, the presence of
ultra-thin NiO at the interface of Ni/CuO ( position B) and the CuO layer
coated as an outer shell at position C.

Nanoscale

the reference JCPDS file 72-0629. The annealing temperature
used for the oxidation of Cu, 500 °C, was high enough to form
CuO; thus, no impurity phase of Cu2O is observed.17–19

Fig. 4 (a) XRD pattern of Ni/CuO Fs. XPS spectra of Ni/CuO Fs: (b)
survey spectrum and high-resolution spectra of (c) Cu 2p and (d) O 1s.
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Oxidation at 500 °C for suﬃcient time leads to complete conversion of Cu2O to CuO by the overall reaction:20
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2Cu2 O þ O2 ! 4CuO

ð1Þ

Single phase CuO has lower band gap energy (∼1.76 eV)
than Cu2O which allows it to contribute to photocatalytic
water-splitting with low-energy (longer wavelength) photons.21
The Ni/CuO film was investigated by XPS to analyze the
composition, oxidation states, and electronic structure. The
XPS survey spectrum of the Ni/CuO Fs in Fig. 4b shows peaks
at binding energies of 529 and 933 eV, corresponding to the
O 1s and Cu 2p orbitals, respectively. Ni peaks are not
detected, because Ni is enveloped by a thick CuO layer and the
XPS scan depth is only ∼10 nm. The C 1s peak observed at
285 eV is due to unavoidable environmental contamination
during the preparation of the sample for XPS analysis. As shown
in Fig. 4c, the Cu 2p core spectrum shows peaks at 933.5 and
953.3 eV, attributed to Cu 2p3/2 and Cu 2p1/2, respectively. The
spin–orbit splitting between Cu 2p3/2 and Cu 2p1/2 is 19.8 eV,
as expected for CuO.22,23 The satellite peaks observed at 942.3
and 961.8 eV are characteristic of the Cu2+ state, verifying CuO
formation in a manner consistent with previous reports.24,25
The O 1s peak at 529.3 eV (Fig. 4d) is at the expected position
for CuO.26,27 The O 1s core peak at 529.3 eV is assigned to
lattice oxygen and is characteristic of O2− interacting with Cu2+
to form Cu–O.28 Thus, XPS suggests that a single oxygen
species is present in hybrid Ni–CuO fibers.

Fig. S2a† shows the diﬀuse reflectance (DR) spectra for
wavelengths (λ) from 175 to 800 nm. The peaks of DR were
observed at 240 and 625 nm. The optical band gap can be
obtained using the Tauc method:29
ðαhνÞ1=n ¼ Aðhν  Eg Þ

ð2Þ

where h, ν, A, and Eg are Planck’s constant, the frequency of
the photon, a proportionality constant, and the band gap,
respectively. The absorption coeﬃcient, α, was estimated as
α = F(R) = (1 − R)2/2R,30 where R is the diﬀuse reflectance.
Fitting was performed using n = 1/2, which is characteristic of
a direct band-to-band transition.31 In the Tauc plot, according
to eqn (2), the x-intercept of the plot of (αhν)1/n vs. hν gives the
photon energy corresponding the band gap, Eg.
In the hν range of 2.5 to 5.0 eV, corresponding to
250–620 nm, in which the Eg of NiO can be identified, the
peak was 625 nm in Fig. S2a† and Eg of NiO can be observed at
3.8 eV in the present study (Fig. S2b†). The Eg value of CuO
was also found to be 1.67 eV as shown in Fig. S2c.†
3.2

Photoelectrochemical properties

The outcome of the kinetic competition between electron–hole
recombination (within the photocathode) and water splitting
depends upon various parameters such as Ni F diameter,
sheet resistance, acceptor concentration, carrier recombination
time within CuO, and charge transfer resistances at the Ni F–
CuO interface and the CuO–electrolyte interface. Fig. 5a

Fig. 5 (a) Kinetic mechanism of photocathodes. (b) Eﬀect of the areal density of Ni Fs (increased with increasing te) on the PCD and (c) current–
voltage plot, presented as log(I) versus V. (d) Nyquist plots of EIS data measured under 1 sun illumination. (e) The charge transfer resistance (Rct2) and
capacitance (C2) for varied electrospinning times. Inset schematic: the equivalent electrical circuit used for ﬁtting the EIS data.
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depicts the influence of these parameters. Increasing the
electrospinning time decreases Ni F diameter (see SEM images
in Fig. 2), which in turn increases the current density within
the Ni F, as indicated by the arrows in Fig. 5a. Electrons from
the Ni F are transferred to the CuO layer, as the photoexcited
electrons generated by absorption of incident photons are
transported to the CuO–electrolyte interface, where a surface
charge region is developed.
Because of the reduced Ni F diameter, the charge transfer
resistance (Rct1) at the Ni F–CuO interface is reduced; the thickness of the surface charge region at the CuO–electrolyte interface is increased; the charge transfer resistance (Rct2) is
increased; the recombination time is also increased. We have
estimated these charge transfer resistances and recombination
times from results of electrochemical impedance spectroscopy,
as presented in Table 1. It is important to note that, in the
fourth case, even though more electrons from the Ni Fs reach
the CuO layer, the lower acceptor concentration of CuO
resulted in more recombination, ultimately reducing the
surface charge region, as reflected in the increased Rct2.
Additionally, the total CuO layer thickness was found to be
5.04, 5.12, 5.62 and 5.91 μm for te = 5, 10, 20 and 30 s,
respectively.
Fig. 5b demonstrates the significant eﬀect of Ni Fs as an
under-layer for CuO, forming a novel morphology with
improved PCD. The synergistic eﬀects of Ni F and CuO are
observed for all Ni/CuO F specimens. Moreover, the Ni–CuO F
with the electrospinning time of 20 s demonstrates the highest
PCD among all tested samples, reaching 2.6 mA cm−2 at
−0.5 V. It shows a 2.6-fold enhancement in PCD compared to
CuO-only Fs (1 mA cm−2 at −0.5 V). The improved photoelectrochemical performance suggests that the structural modification using Ni Fs as an under-layer for CuO improves watersplitting performance through improved eﬃciency of charge
transfer. The PCD values for Ni–CuO Fs with electrospinning
times of 5, 10, and 30 s are 1.7, 2.3, and 1.9 mA cm−2 at
−0.5 V, respectively. Thus, increasing te from 0 to 20 s for Ni Fs
is shown to increase the PCD. However, for Ni–CuO Fs electrospun for 30 s the PCD decreases to ∼2 mA cm−2. This could be
attributed to the higher areal density of Ni Fs, which increases
electron concertation at the Ni F/CuO F interface as evident by
lower Rct1. Further, more electron transfer from Ni F (te = 30 s)
reduced the driving force for electron–hole separation. Thus,
the surface charge layer (see Fig. 5a) and overall NA (acceptor
concentration) of the CuO layer are reduced. During biasing
condition and under illumination the electron–hole recombination becomes fast leading to lower availability of electrons at
the interface and reduced photocurrent. The rise in electron–
hole recombination during PEC measurements is well supported by reduced recombination time (τn) and Rct2 as presented in Table 1. Furthermore, the improved PCD is consistent with the onset potential revealed by the current–voltage
(I–V) characteristics as plotted on a semi-logarithmic scale.
The onset potential is enhanced by 0.1 V for the Ni–CuO Fs
electrospun for 20 s relative to that of CuO-only Fs, as indicated in Fig. 5c. The reduced onset potential observed in
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Fig. 5c is attributed to the fast electron transport through the
Ni Fs, corresponding to the lower sheet resistance of Ni (see
Table 1).
To examine the influence of the Ni F thickness as well as
that of the CuO over-layer on the photocathode performance,
electrochemical impedance spectra (EIS) studies, were performed under 1 sun illumination (100 mW cm−2). The
impedance (Z) shows time and frequency dependence with
respect to the alternating potential (Et) and current (It) as
follows:
ZðωÞ ¼

E0 ejωt
¼ Z0 ðcos θ  j sin θÞ
I0 ejðωtθÞ

ð3Þ

The impedance Z(ω) can be separated to real and imaginary
impedance. The real and imaginary impedance can be represented as follows:
Z′ ¼ Z real ¼ Z 0 cos θ

ð4Þ

Z″ ¼ Z imag ¼ Z 0 sin θ

ð5Þ

Although the impedance varies with the frequency (100
kHz–0.1 Hz), one can plot real and imaginary impedances
against one another. This plot is conventionally known as a
Nyquist plot and it provides valuable insight into charge transfer and electrolyte ion diﬀusion during the electrochemical
process. The impedance increases with decrease in frequency,
thus lower impedance corresponds to higher frequency and
vice versa.
Fig. 5d shows Nyquist plots for the Ni–CuO Fs photocathodes in the frequency range from 100 kHz to 0.1 Hz. The
EIS data were fitted using the Randles equivalent circuit,
shown as the inset in Fig. 5e. The first impedance value
(at 100 kHz) corresponds to the series resistance (Rs) associated with the interface between the ITO substrate and the
deposited photocathode materials. The smaller high-frequency semicircle is attributed to the developed Helmholtz
resonance at the ITO/Ni F interface, which generates chargetransfer resistance (Rct1) and capacitance (C1) in the Ni Fs.
The derived values of the resistance and capacitance for
the Randle equivalent circuit are provided in Table 1. The
charge transfer resistance is observed to decrease with
decreasing Ni F diameter, as shown in Table 1. However,
the second semicircle formed by real and imaginary impedance that corresponds to middle–low frequencies reflects
an additional resistance Rct2. The second charge transfer
resistance (Rct2) also shows proportional correlation to the Ni
F diameter, except for the Ni–CuO F electrospun for 30 s.
The sudden drop in impedance is attributed to the lower
sheet resistance and smaller diameter, which may accelerate
electron transport from the Ni F and thereby decrease the
overall resistance of the photocathode. C2 indicates the
capacitance due to charge accumulation from the electron–
hole separation in the CuO layers. The capacitance C2 and resistance Rct2 at the surface of the photocathode are presented
in Fig. 5e.32 Furthermore, the recombination lifetimes (τn)
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presented in Table 1 are calculated by using Eqn (6) as
follows:33,34
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τn ¼ Rct2  C2

ð6Þ

The values for C2 and Rct2 were obtained by fitting the
Nyquist data measured from EIS to estimate the recombination
time for all photocathodes. The recombination time (τn) for Ni
Fs at te = 20 s, is the highest at 12.2 × 10−4 s. In this case, a
thicker surface charge region is formed as shown in Fig. 5a.
The thicker surface charge region is formed because of
reduced recombination in the bulk region and it boosts the
eﬃciency of electron transport for reaction at the CuO–electrolyte interface to yield superior PCD in comparison to that of
other samples, as demonstrated in Fig. 5b. These results are
consistent with the Mott–Schottky measurements discussed
later, from which the acceptor concentrations are calculated as
being higher for the te = 20 s case compared to other samples.
Thus, electron–hole separation after photoexcitation, rather
than recombination, is the dominant pathway, which provides
more electrons at the interface. This resulted in higher surface
charge and consequently larger charge-transfer resistance
(Rct2 = 1179 Ω) near the surface of CuO.35
3.3 Eﬀect of the number of Ni fibers on the acceptor
concentration
To determine the concentration of acceptors in the Ni/CuO F
photocathodes, the Mott–Schottky method was employed
using measurements performed at a frequency of 1000 Hz with
an applied reverse bias of 0.3 to −0.05 V for the p-type semiconductor. In addition, the square reciprocal of the charge
capacitances (1/C2) was measured by the Mott–Schottky
method; this is given by eqn (7):35,36


1
2
kT
ð7Þ
¼
E  Efb 
C2 εε0 qNA
q
where ε and ε0 are the dielectric constant of the photocathode
and the vacuum permittivity, respectively. q, Efb, k, and NA are
the electron charge (1.6 × 10−19 C), the flat-band potential, the
Boltzmann constant (1.38 × 10−23 J K−1), and the acceptor
(hole) density (concentration), respectively. In p-type semiconductors, the linear slope of the Mott–Schottky plot should
be negative, because the hole density is increased as the bias
voltage becomes more negative.37 The slope is positive for
n-type semiconductors.38
Fig. 6a shows the Mott–Schottky curves for diﬀerent Ni/CuO
F samples. The capacitance (C2), which is the reciprocal of the
y-axis in Fig. 6a, is gradually decreased from 6.42 × 1010 to 1.12
× 109 F−2 cm4. In other words, greater electrospinning durations for the Ni Fs correspond to higher acceptor concentrations. However, Efb is increased from 0.246 to 0.308 V as te
increases from 5 to 20 s, and decreases to 0.255 V for te = 30 s.
As shown in Fig. 6b, the acceptor concentration is increased
from 1.27 × 1017 to 1.46 × 1017 for te of 5–20 s before decreasing to 1.09 × 1017 cm3 at te = 30 s. The acceptor concentration
is highest for te = 20 s with a ∼14% increase compared to that

This journal is © The Royal Society of Chemistry 2018

Fig. 6 (a) The Mott–Schottky curves obtained at 1000 Hz and (b) the
hole concentration (Na) for te = 5, 10, 20, and 30 s. (c) Schematic of the
mechanism of electron transfer and H2 evolution on the Ni–CuO Fs
photocathode.

for te = 5 s. Therefore, the highest PCD shown in Fig. 4a corresponds to the enhanced acceptor concentration as well as
improved charge separation.
Faradaic eﬃciency (ηF) of water splitting is defined as the
ratio of the current that produces H2/O2 evolution to the total
current that flows during photoelectrochemical reactions; it
can also be expressed as the ratio of the volume of hydrogen
produced to the theoretical volume that would be produced if
all of the current produced hydrogen, as follows:39
ηF ¼

Vexp
Vexp
¼
Vtheo ðNH  Q  Vm Þ=ðN  FÞ

ð8Þ

where Vexp and Vtheo are the experimental and theoretical
volumes of H2 respectively. NH, Q, and Vm are the moles of H2
per mole of H2O (for H2 NH = 2), the total charge supplied to the
electrode (current integrated over time), and the molar volume
of H2 (24.1 L mol−1 at 293 K and 1 atm), respectively. N is the
electrons per mole of H2O (N = 4) and F is the Faraday constant
(F = 96 485 C mol−1). For measuring ηF of te = 20 s, a fixed potential of −0.5 V was applied for 280 min. As shown in Fig. S3,† Vexp
gradually increased to 1.65 ml as t from increased from 0 to 280.
Over time, ηF remained constant at 76% after 280 min. The
details of H2 measurements are presented in ESI.†
Fig. 6c schematically illustrates the electron excitation,
emphasizing the important role of conductive Ni Fs to provide
rapid electron-transfer pathways. The Ni Fs, in addition to providing faster electron transport, contribute significantly to controlling the electron–hole separation of the adjoining overlayer (CuO) for the eﬃcient evolution of H2. The magnified
cross-section of the ITO, Ni F under-layer, and CuO shows the
transfer of the majority of electrons from the ITO to the Ni Fs;
only a few electrons are passed to the CuO layer. Thus, under
illumination (see the right-side magnified picture in Fig. 6c),
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H2 evolves as H+ consuming photoexcited electrons generated
in CuO. Therefore, more Ni Fs at te = 20 s case (see the SEM
images in the second low in Fig. 2c) provides additional channels for free electrons to the CuO layer which yielded a
superior PCD performance. However, with further increase in
the Ni F electrospinning time (te = 30 s), the fiber diameter
decreases and number of fibers increases. In this case, the
acceptor concentration decreased producing lower Rct2 and
consequently poor photocurrent density. Because of larger
number of electrons transferring from Ni Fs throughout the
network and rapid recombination (i.e., lower recombination
time τn ∼0.79 ms), the acceptor concentration was reduced for
the te = 30 s sample; see Fig. 6b. Therefore, the reverse
phenomenon occurred between te = 20 s and 30 s.

4.

Conclusion

The use of Ni-core Cu-shell fibers as photocathode materials
was demonstrated for the first time. The initial electrospun
polymer fiber was seeded with Pt and then electroplated
sequentially with Ni and Cu to form a continuous core–shell
fiber. The annealing treatment converted the outer Cu shell to
CuO for use as a photoactive semiconducting material, while
the inner Ni core remained purely metallic with high electrical
conductivity. This facilitated a high electron mobility, high
carrier concentration, and long carrier lifetime, suppressing
recombination in the photocathode. The Ni-core fiber showed
overall improved PEC performance, with a 2.6-fold increase in
PCD compared to the CuO fiber with no Ni core. The optimal
amount of Ni was identified by varying the electrospinning
time for Ni; the optimum electrospinning time was established
as 20 s.
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