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ZnO nanorods (ZnO-nr) have been widely studied as a promising nanomaterial for photoelectrochemical
water splitting. However, almost all prior studies employed planar electrodes. Here, we investigated the
performance of ZnO nanorods on a fibrous carbon cloth (CC) electrode, which offers a larger surface
area for functionalization of photocatalysts. ZnO nanorods and Ni nanofilm were deposited on carbon
cloth substrates for investigation as the photoanode and cathode of a photoelectrochemical water split-
ting setup, respectively. The use of polydopamine in the electroless deposition of ZnO ensured a uniform
distribution of nanorods that were strongly adherent to the microfiber surface of the carbon cloth.
Compared to ZnO nanorods grown on planar ITO/glass substrates, the CC-based ZnO photoanodes
exhibited smaller onset potentials (1.1 Ve vs. 1.8 Vrye), ~40X larger dark faradaic currents at 1.23 Vrpe
and 5.5x-9% improvement in photoconversion efficiencies. Ni/CC cathodes were also found to exhibit a
lower overpotential@10 mA cm™2 than Ni/Cu by 90 mV. The photocurrent obtained from the ZnO-nr/CC
anode was highly stable across an hour and the peak current decreased by only 5% across 5 cycles of illu-
mination, compared to 72% for the planar ZnO-nr/ITO anode. However, the response of the CC-based
setups to changes in the illumination conditions was slower, taking hundreds of seconds to reach peak
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photocurrent, compared to tens of seconds for the planar electrodes. Using cyclic voltammetry, the
double-layer capacitance of the electrodes was measured, and it was shown that the increased efficiency
of the ZnO-nr/CC anode was due to a 2 order of magnitude increase in electrochemically active sites

rsc.li/nanoscale provided by the copious microfiber surface of the carbon cloth.

high energy content per unit weight and produces only H,O
upon combustion.
Electrolysis of water can be described by

1. Introduction

To avert the worst effects of global warming, it is imperative
that the world decarbonizes its activities by transitioning to
carbon-free energy sources. One possible way to achieve this is
to make use of renewable energy for the electrolysis of water,
so that the energy can be stored as green hydrogen without
carbon emissions. As a fuel, hydrogen is appealing as it has a

H,0(1) — Hy(g) +05(g), By =123V (1)

where E, refers to the standard potential. This reaction con-
sists of two half reactions - the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER),

HER (cathode) : 4H' +4e~ — 2H,, Ey=0V

(2)
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OER (anode) : 2H,0 — O, +4H" + 4e™,

The kinetics generally tend to be more sluggish with the
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pensation and (S2) ZnO nanorod growth on carbon cloth without polydopamine
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OER, which takes place via a multi-step four-electron transfer
process at the anode,' resulting in significant overpotentials
which lower the efficiency of actual water splitting operations.
To counter this, expensive noble metals such as platinum,
rubidium, and iridium, and their oxides are often used as cata-
lysts in electrolysis setups. In addition, non-noble metals such
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as nickel, together with its alloys and compounds, are also
being actively investigated as alternative catalysts to reduce
material costs.”?

Another way to address high overpotentials in the OER is to
make use of photosensitive catalysts to partially or fully
provide the electrical energy required for water splitting.”
Such photoelectrochemical (PEC) cells can enable significant
water splitting to proceed at potential differences below 1.23 V,
significantly reducing power consumption. Compared to the
use of separate solar harvesting and electrolysis modules, the
PEC cell also presents itself as an attractive 2-in-1 integrated
solution that can potentially be simpler and more cost-
effective to implement.

Amongst the photocatalysts investigated for solar PEC cells,
ZnO is one of the most widely studied materials.** It is a
non-toxic and low-cost II-VI semiconductor with a large direct
bandgap of 3.26 eV,"* high carrier mobility"® and tendency to
form nanostructures of high crystalline quality.'"'**> Its
valence band edge is also favourably aligned against the oxi-
dation potential of water to facilitate the photo-catalysis of the
OER.'®"” However, the photoconversion efficiency of ZnO is
relatively low, since it absorbs light primarily in the UV region
and it has limited intrinsic catalytic activity towards the oxi-
dation of water.

To circumvent these constraints, we propose depositing
ZnO on carbon cloth (CC) for the fabrication of the photo-
anode. Compared to the usual planar ITO/glass or FTO-based
substrates, the fibrous carbon cloth can offer a larger surface
area for the growth of more ZnO nanorods, greatly increasing
the catalytically active sites for PEC water splitting. CC also
exhibits good electrical conductivity and chemical stability,
which are necessary properties for an anode. For these
reasons, carbon cloth has been increasingly investigated as a
catalyst support for water splitting experiments in recent years
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with promising results.’®?? Its popularity, however, has yet to
propagate to investigations involving PEC cells, which is a key
reason CC was selected for investigation here.

For the present investigation, ZnO nanorods were syn-
thesized on carbon cloth via a polydopamine-assisted electro-
less deposition technique, which is a highly scalable process
that is more suitable for coating non-planar substrates like
carbon cloth than the conventional spin-coating sol-gel
method.'" The functionalized carbon cloth was then studied
as a photoanode for the OER under near-neutral pH con-
ditions. Subsequently, the photoanode was paired with a Ni-
coated carbon cloth cathode, which enabled the HER, to form
a complete PEC cell for further investigations, including 2-elec-
trode efficiency measurements which are rarely reported in
ZnO photoelectrochemical experiments elsewhere. ZnO nano-
rods grown on a planar ITO coated glass substrate acted as the
control, against which the carbon cloth photoanode was pri-
marily assessed for the effect of planar vs. fibrous substrates.
We also studied how the effects of polydopamine and the
microstructure of ZnO affect the photoelectrochemical
properties.

2. Materials and methods

2.1. Material synthesis

Carbon cloth (CC) was fabricated through the pyrolysis of
100% cotton textile in a tube furnace under an argon atmo-
sphere. The textile sample was heated at a rate of 5 °C min™"
from room temperature to a peak temperature of 800 °C and
held for 1 h. Prior to functionalization with Ni and ZnO, the
CC substrates were cleaned by sonicating in isopropyl alcohol
and then in deionized water. For the cathode, the samples
were coated with nickel using electroless deposition (ELD).
The substrate (CC or copper foil) was first activated using a
conventional two-step Sn + Pd procedure, where the sample
was immersed in SnCl, (2 mg mL™") + HCI (20 mL L") for
5 min, followed by a solution containing PdCl, (0.2 mg mL™")
+ HCI (20 mL L") for 10 min. The sample was then immersed
in an aqueous electroless deposition bath containing 0.22 M
lactic acid, 0.027 M diammonium citrate, 0.06 M NiSO,, and
0.034 M dimethylamine borane (DMAB), for 1 h at 30 °C and
pH 6.5 (adjusted by adding NaOH). After that, the samples
were rinsed thoroughly with deionized water and dried in an
oven at 60 °C for 15 min.

For the photoanode, the substrates (CC or indium tin oxide
(ITO)-on-glass) were first coated with polydopamine for 24 h by
immersing them in an aqueous solution containing 2 mg
mL™" dopamine HCI and 0.01 M Tris-HCI (pH adjusted to 8.5
by adding NaOH). The samples were then rinsed thoroughly
with deionized water and placed in a solution containing
PdCl, (0.2 mg mL™") + HCI (20 mL L") for 10 min. After that,
a ZnO seed layer was deposited on the Pd-activated substrate
by electroless deposition in an aqueous bath containing 0.05
M Zn(NOj3), and 0.05 M DMAB at 75 °C for 30 min. The seeded
samples were then subjected to hydrothermal growth of ZnO

This journal is © The Royal Society of Chemistry 2024
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nanorods at 95 °C for 16 h in a sealed PTFE jar containing
0.05 M Zn(NO3), and 0.05 M hexamethylenetetramine (HMTA).
At the end of growth, the samples were rinsed thoroughly with
deionized water and dried in an oven at 60 °C for 15 min. To
investigate the effect of the polydopamine coating on ZnO
growth, another set of CC and ITO-on-glass samples were sub-
jected to the same procedure but without the polydopamine
coating and with the same two-step Sn + Pd treatment as
described earlier (for ELD nickel),**** before the electroless
deposition of the ZnO seed layer.

2.2. Material characterization

Field-emission scanning electron microscopy was performed
using a JEOL JSM-7600F machine that was coupled with a
detector for energy dispersive X-ray (EDX) spectroscopy. X-ray
photoelectron spectroscopy (XPS) spectra were recorded over
an elliptical area of 700 x 300 pm” using a Kratos AXIS Supra
(Al Ka source, 225 W) for surface analysis. UV photoelectron
spectroscopy (UPS) was also performed using the same system
with a He(1) monochromatic light source. Structural character-
isation to investigate the crystalline nature of the samples was
performed using X-ray diffraction (XRD, Bruker D8 Advance)
with CuKa radiation. The measurements were carried out in a
Bragg-Brentano geometry (6/26 scan) and the scan range used
was 10-80° with a scan speed of 0.05° s™* to obtain the inten-
sity vs. 20 plot.

Optical absorbance and reflectance spectroscopy was per-
formed using a Lambda 950 UV-Vis-NIR spectrophotometer.
The light source was a tungsten halogen and/or a deuterium
UV lamp and the spectra were obtained with an optical wave-
length resolution of 1 nm. Fourier-transform infrared (FTIR)
spectroscopy was performed using a Frontier PerkinElmer
machine that uses a universal attenuated total reflectance
(ATR) attachment to obtain spectra at a resolution of 0.1 cm™".
Raman spectroscopy was performed using a WITec Alpha300
SR system with a 488 nm laser.

2.3. Electrochemical characterization

The Ni- (cathode) and ZnO-coated (photoanode) samples were
used as working electrodes for electrochemical water splitting
in a 3-electrode configuration using a potentiostat (Ossila
T2006B1-UK). Ag/AgCl (3 M NaCl) and platinum wire were
used as the reference and counter electrodes, respectively. The
measured potentials (EAg/AgCI) were converted to reference
hydrogen potentials (Eryg) via

Erue = Eag/agct +0.21 + 0.059pH (4)

The electrolyte was 0.5 M Na,SO, (pH ~ 7.5). The choice of
a near-neutral pH electrolyte here has practical significance.
Most reported electrochemical water splitting studies utilized
highly alkaline (pH ~ 14) or acidic (pH ~ 1) electrolytes®>>°
since reaction rates with neutral pH electrolytes are generally
slower in comparison.”’” However, water splitting at near-
neutral pH can enable the direct electrolysis of seawater with
minimal pretreatment or without desalination.?’*° The
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process is more sustainable as it is expected to experience
fewer problems with corrosion of electrolysis equipment after
long-term use, along with further benefits of safer and more
environmentally friendly working conditions.

Linear sweep voltammetry (LSV) was performed at a scan
rate of 5 mV s~'. Chronoamperometry (CA) was performed at
selected voltages for Tafel slope calculations and photo-
response studies. Cyclic voltammetry (CV) was conducted at
different scan rates from 5 to 50 mV s~ to estimate the electro-
chemical double layer capacitance (Cq;), which is a representa-
tion of the effective electrochemical surface area (ECSA).
Additional CV measurements were also performed at a fast
scan rate of 100 mV s~ over 1 h to assess the stability of the
electrode. The measured currents were presented as current
densities (in mA em™?) by normalizing against the geometric
area of the sample (~0.25 cm®). Selected data were iR-compen-
sated during post-processing using the ‘current interrupt’
method®"** by using an oscilloscope (MDO 3014, Tektronix)
connected to the working and reference electrodes of the
electrochemical cell (see ESI S1t). The photoelectrochemical
properties were studied by exposing the ZnO photoanode to
simulated sunlight (30 mW cm™2) from an 80 W xenon lamp
with an attached AM1.5 filter. Selected samples from 3-elec-
trode measurements were subsequently paired together and
studied in a 2-electrode configuration.

3. Results

3.1. Material synthesis and characterization

3.1.1. ZnO nanorods/carbon cloth photoanode. SEM
images of the carbon cloth (CC) are shown in Fig. 1A at
various magnifications. It can be observed that the carbon
cloth retained the fabric morphology of woven microfibers,
which had diameters in the range of 1-10 pm. This result is
consistent with the pyrolysis of cloth’® and even paper,®
which does not alter the microstructural morphology of the
material significantly, beyond shrinking the cellulose fibers.

Fig. 1B shows the carbon cloth functionalized with ZnO
nanorods (ZnO-nr). ZnO-nr growth usually requires the depo-
sition of a precursor seed layer composed of densely packed
ZnO nanoparticles. In previous studies, the ZnO seed layer was
often formed by spin-coating and annealing a sol-gel at high
temperature (up to 500 °C).'* While spin-coating is a simple
and effective method for depositing sol-gel evenly on planar
substrates, such as FTO- or ITO-on-glass, it cannot coat porous
substrates, like CC, well.

For this reason, we have opted to generate the seed layer
using polydopamine-assisted electroless deposition, which
proceeds via a 3-step procedure - (1) coating of the carbon
cloth with polydopamine, (2) electroless deposition of a ZnO
seed layer, and (3) hydrothermal growth of ZnO nanorods.
This procedure was also applied to synthesize ZnO-nr on ITO
coated glass, a common substrate used in previous photoelec-
trochemical studies,* ®*"%** to produce planar control
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Fig. 1 SEM images at increasing magnification from top to bottom, showing the structures of (A) carbon cloth and (B) carbon cloth functionalized

with ZnO nanorods.

samples. SEM images of the CC and ITO samples after each
fabrication step are shown in Fig. 2A and B.

The polydopamine coating in step (1) was formed through a
bioinspired process that begins with the oxidation and sub-
sequent self-polymerization of dopamine molecules.>® This
results in a thin polymeric nanofilm that coats onto all kinds
of surfaces® and is, itself, easily functionalized by other
chemical species for a wide variety of applications.*® The exact
structure of the polydopamine coating remains uncertain,
although many possibilities have been hypothesized.*®
Nevertheless, it is known that the dopamine precursor itself
consists of a catechol group attached to the end of an ethyl
amine chain (see the inset at the top-left corner of Fig. 2C).
The nitrogen atoms from amine groups can be readily detected
as N 1s using XPS, which then serves as an identifier for the
presence of polydopamine on the substrates (Fig. 2C). Peak
fitting of the high-resolution data from the N 1s signal
revealed 3 peaks: (i) the main peak at 399.6 eV for R-NH,
corresponding to primary amines from the dopamine precur-
sor, (ii) R-NH-R at 401.7 eV corresponding to secondary

8404 | Nanoscale, 2024, 16, 8401-8416

amines related to species formed in the early stages of
polymerization, and (iii) R=N-R at 397.6 eV related to imines
or tertiary/aromatic amines formed in the later stages of
polymerization.>”*?

A key role of polydopamine here is to encourage the adsorp-
tion of Pd ions onto the substrate surface for the subsequent
ZnO electroless deposition process. Pd ions were introduced
by dipping the polydopamine-coated substrates into PdCl,/HCl
solution,”*™*> and can be detected with the Pd 3d signal in
XPS, along with traces of chlorine, as indicated by the Cl 2s
and Cl 2p peaks (Fig. 2C). Peak fitting of the high-resolution
data from the Pd 3d signal reveals that the signal was primarily
contributed by Pd** 3ds/, (342.8 eV) and 3ds, (337.6 €V) peaks
associated with PdCl,,*° in agreement with an earlier study on
palladium functionalized polydopamine.** In addition, low
energy shoulders were also found at 341.4 eV and 335.9 eV,
which can be attributed to traces of non-ionized Pd° that
might have formed by partial reduction of Pd** by catechol
groups.*®> The adsorbed Pd was, in turn, essential for catalyz-
ing the reduction of nitrate ions by DMAB*”*® in the ZnO elec-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Comparison of ZnO grown on substrates (carbon cloth and ITO/glass) with polydopamine or (B) without polydopamine. Insets: higher
magnification images of selected samples. (C) XPS spectrum of the surface of the polydopamine-coated carbon cloth that was immersed in PdCl,/
HCl solution, along with fitted high resolution data for N 1s and Pd 3d.
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troless deposition process. According to Izaki and Omi,* this
reduction then led to the formation of Zn(OH),, which was
eventually dehydrated to form a dense layer of ZnO nano-
particles (i.e. seeds) on the polydopamine-coated microfibers
of the carbon cloth, as well as the planar ITO surface (Fig. 2A).

Following this, ZnO nanorods were grown using a widely
reported hydrothermal growth procedure involving zinc nitrate
and HMTA,'**® where growth along the c-axis crystal direction
of wurtzite ZnO was promoted at the expense of other direc-
tions. This resulted in a uniform distribution of randomly
oriented nanorods (diameter < 500 nm, length ~ 2 um), mostly
with hexagonal cross-sections (Fig. 1B and 2A). Similar results
were also obtained for the polydopamine-coated ITO/glass sub-
strates (Fig. 2A).

For carbon cloth without polydopamine, the ZnO seed layer
consisted of smaller grains than its polydopamine-coated
counterpart (Fig. 2B). Consequently, the ZnO nanorods had
slightly smaller diameters, but displayed a poorer distribution,
with some regions on the microfibers exhibiting a distinctly
lower concentration of nanorods. This result illuminates the
second key role of polydopamine - enhancing the adhesion of
the ZnO nanorods to the substrates after formation. The empty
patches found on the microfibers were likely caused when ZnO
nanorods fell away during the rinsing process after hydro-
thermal growth.

On the planar ITO/glass substrates, very little ZnO was
seeded by electroless deposition without polydopamine, which
caused the resulting ZnO nanorods to be few and coarse
(Fig. 2B). 1t is likely that the Pd ions had difficulty adsorbing
onto the ITO surface, in contrast to that on carbon or polydo-
pamine. It is also worth noting that direct hydrothermal
growth without polydopamine or the ZnO seed layer led to
extremely poor growth results, with hardly any ZnO nanorods
found (Fig. S2 in the ESI{).

The underlying chemistry of ZnO nanorod samples was
further analyzed by Raman and FTIR spectroscopy (Fig. 3A and
B). In Fig. 3A, Raman peaks corresponding to the main
vibrational modes of ZnO were clearly detected, along with the
D- and G-bands of carbon from the carbon cloth. FTIR spec-
troscopy conducted on ZnO-nr/ITO samples clearly showed a
Zn-0 peak at the right-side edge of the spectrum (~600 cm™?),
while traces of hydroxyl groups, probably related to the under-
lying polydopamine, were detected as a broad signal at around
3400 cm™'. Note that the carbon cloth samples could not be
assessed using FTIR due to carbon cloth’s poor transmittance
in the infrared spectrum.

The optical properties of ZnO/PolyD (i.e. polydopamine)/
ITO samples are shown in Fig. 3C and D. The ITO/glass
sample itself exhibited a sharp absorption band-edge at
around 350 nm. When coated with polydopamine, which was
of dark brown coloration, the sample absorbed more light in
the visible region, evident from the gentle slope of the orange
curve between 400 and 700 nm in Fig. 3C. After the formation
of the ZnO nanorods, the absorption band-edge shifted
towards the higher wavelengths (~400 nm) i.e. lower photon
energies, which is expected, since the bandgap of ZnO (~3.26

8406 | Nanoscale, 2024, 16, 8401-8416
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eV) is smaller than that of ITO (~4 eV). Similar trends were
observed with the reflectance measurements of the same
samples.

XRD characterization of ZnO-nr/CC samples revealed diffr-
action peaks that correspond to the hexagonal wurtzite crystal
structure of ZnO (Fig. 3E). The peaks are very sharp and well-
resolved, suggesting that the nanorods were highly crystalline.
This is confirmed by a sharp photoluminescence signal at
320 nm, which was obtained during optical reflectance
measurements (Fig. 3D).

3.1.2. Ni nanofilm/carbon cloth cathode. To fabricate the
cathode for the HER part of the water splitting process, Ni was
also deposited onto carbon cloth (CC) by electroless depo-
sition. Since the SEM images for Ni/CC and plain CC appear
very similar, it can be inferred that the Ni coating was uniform
and conformal with the microfiber surface (Fig. 1A and
Fig. 4A). For this electroless deposition procedure, the conven-
tional 2-step Sn + Pd surface treatment was sufficient to make
Pd adsorb onto the carbon surface and catalyze the reduction
of Ni** into Ni metal with DMAB.

The uniformity of the Ni coverage was confirmed with EDX
mapping (Fig. 4B and C). Signals from the underlying carbon
and surface oxide on Ni were also detectable, but they were sig-
nificantly weaker than those from Ni, appearing only for the
parts of the microfiber that were highly focused. The thickness
of the Ni coat was ascertained to be ~770 nm for the fabrica-
tion parameters used in this study (Fig. 4D). XRD measure-
ments (Fig. 4E) detected a Ni (111) peak, which is associated
with the face-centred cubic crystalline structure commonly
found in nickel. In addition, the (002) peak points to the pres-
ence of graphite nanocrystals in the carbon cloth, which is
common for pyrolyzed cellulose.??

3.2. Electrochemical characterization

3.2.1. ZnO photoanode: effect of substrate type. Linear
sweep voltammetry (LSV) curves of fibrous carbon cloth (CC)
anodes (ZnO-nr/CC, CC only) and planar anodes (ZnO-nr/ITO)
are shown in Fig. 5A and B. In the absence of photoexcitation
(i.e. ‘dark’ setting), ZnO-nr/CC exhibited large current densities
in the range of mA em™?, with a distinct faradaic slope. The
faradaic onset occurred at ~1.1 V and was slightly smaller than
1.23 V, the standard potential for the OER. The electro-
chemical performance was further enhanced when the anode
was illuminated with light, with improved current density
being observed for 0.5 V and above. In comparison, the
current densities from the LSV curves for planar ZnO-nr/ITO
samples (Fig. 5A and B) appeared insignificant, even when the
sample was illuminated. In the dark, ZnO /ITO exhibited negli-
gible current density until the onset of the faradaic slope at
~1.8 V. When illuminated, small photocurrents in tens of pA
em~? could be measured at a potential difference of less than
1.23 V. This is a distinct feature of photoanodes and agrees
well with previous reports that studied ZnO on planar ITO or
FTO substrates.*”

The cyclic photo-responses of planar ITO and fibrous CC
photoanodes are compared in Fig. 5C. The gray trend indicates

This journal is © The Royal Society of Chemistry 2024
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(A) Raman spectroscopy spectrum of ZnO nanorods (ZnO-nr) on carbon cloth (CC). (B) FTIR spectroscopy spectrum of ZnO nanorods (ZnO-

nr) on ITO/glass. (C) Optical absorbance and (D) reflectance of ZnO nanorods (ZnO-nr) on ITO/glass samples at various stages of material synthesis.

(E) X-ray diffraction spectrum of ZnO nanorods on carbon cloth.

that CC, by itself, was insensitive to the presence of light.
Comparing the bold orange and blue trends, it can be
observed that the difference in current density for ITO- and
CC-based ZnO samples was less than that suggested by
Fig. 5A. This is likely because of the large surface area of the
fibrous ZnO/CC, which led to large capacitive currents
during LSV tests. Such currents, however, can be suppressed
under steady-state chronoamperometry (CA) measurement,’®
leading to the discrepancy between Fig. 5A and C.
Nevertheless, even in the absence of capacitive effects, the
current density obtained from ZnO/CC in Fig. 5C was still
significantly larger than that obtained from ZnO/ITO, ~40x
and ~10x for dark and bright conditions, respectively. The
large dark current of 0.23 mA cm™> from ZnO/CC also
suggests that the electrode can carry out a substantial OER
even in the dark. This is probably due to the sheer amount
of ZnO nanorods available for electrochemical reactions,
which was made possible by the very large real surface area
offered by CC.

This journal is © The Royal Society of Chemistry 2024

Moreover, it was observed that the peak current density for
the ZnO-nr/ITO sample decreased by 72% after 5 illumination
cycles, compared with a decrease of 5% in the ZnO-nr/CC
sample. This result indicates that the photo-response of ZnO-
nr/CC was more stable. However, the photocurrents in the
ZnO-nr/CC samples took longer to rise and fall in response to
changes in the illumination - hundreds of seconds (ZnO-nr/
CC) vs. tens of seconds (ZnO-nr/ITO). This is, again, due to the
higher capacitance (i.e. higher RC time delay) of the CC-based
sample, caused by the large surface area of the carbon
microfibers.

Going further, the photoconversion efficiency # of the
different photoanode substrates was also assessed using'®

. _J(1.23 - V) 7 (5)

Py

where J' refers to the current density at a given V, which refers
to the potential relative to the open circuit voltage® and Py,
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(A) SEM images at increasing magnification from top to bottom, showing the microstructure of carbon cloth (CC) functionalized with a Ni

coating. (B) SEM image of a Ni/CC sample along with EDX elemental mapping and the (C) corresponding EDX spectrum. (D) Image of a broken Ni
coated carbon fiber, with the carbon core missing and only the Ni shell remaining. (E) XRD spectrum of a Ni/CC sample.

refers to the power density of illumination. For most cases in
the literature,">*?* J' is taken to be the LSV current density
obtained under illumination, since the current density in the
dark is usually negligible (Fig. 5B). However, for the ZnO-nr/
CC samples (Fig. 5A) in this study, the dark current was sub-
stantial even at potentials below 1.23 V due to both strong
capacitive effects and faradaic currents. Therefore, a more
accurate computation of the photoconversion efficiency would
be to take J' as the difference between the ‘bright’ and ‘dark’
currents.

As shown in Fig. 5D, maximum efficiencies of 0.45% and
0.05% were exhibited by ZnO-nr/CC and ZnO-nr/ITO, respect-
ively ie the fibrous CC-based photoanode showed an
efficiency that was 9x that of the planar ITO-based sample.
ZnO nanostructures grown on planar substrates reported
elsewhere®>®** typically exhibit maximum photoconversion
efficiencies in the range of 0.03% to 0.15%. In this regard, the
efficiency of our ZnO planar electrode (i.e. ZnO-nr/ITO) is com-
parable to literature values, while the ZnO fibrous electrode
(i.e. ZnO-n1r/CC) outperforms many other ZnO photoanodes in
the literature.

3.2.2. Effect of polydopamine and ZnO morphology on
photoanodic current. Data from other control samples are also

8408 | Nanoscale, 2024, 16, 8401-8416

presented in Fig. 5C as thin curve lines for comparison. These
include ZnO nanorods grown on carbon cloth without polydo-
pamine (ZnO-nr/CC (no PolyD)), a ZnO seed layer on polydopa-
mine on carbon cloth (ZnO-seed/CC) and a ZnO seed layer on
carbon cloth without polydopamine (ZnO-seed/CC(no PolyD)).
The data from ZnO seeds on ITO substrates are not shown as
their current densities and photoresponse were barely notice-
able. Comparing ZnO-seed/CC and ZnO-seed/CC (no PolyD)
after 5 cycles of illumination, it can be observed that the pres-
ence of polydopamine slightly raised the photocurrent of ZnO
by ~9%. Their similar performance reflects the growth results
shown earlier in section 3.1.1, where good coverage of the seed
layer can be achieved with and without polydopamine. On the
other hand, ZnO-nr/CC exhibited a bright current that was
about twice that of ZnO-nr/CC (no PolyD). These results are
expected, since empty patches of missing ZnO material were
observed with samples without polydopamine (Fig. 2A and B),
clearly illustrating the importance of polydopamine as an
adhesive for the firm attachment of ZnO nanorods on the
carbon cloth fibers.

Next, by comparing ZnO-nr/CC with ZnO-seed/CC, it can be
observed that the morphology of the nanorods significantly
improved the photocurrent density by 172%. This result shows

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Linear sweep voltammetry (LSV) curves of photoanodes composed of (A) ZnO nanorods on carbon cloth (ZnO-nr/CC) and (B) ZnO nanorods
on planar ITO/glass (ZnO-nr/ITO). Dark — ambient; bright — AM1.5 simulated sunlight. Results from plain carbon cloth (CC only) under dark con-
ditions are also shown as control. (C) Chronoamperometry (CA) at 1.23 Vgpe for ZnO-nr/CC, ZnO-nr/ITO and plain CC anodes in the presence and
absence of photoexcitation. Also shown are data from samples without polydopamine (PolyD) and with only electroless deposited ZnO seeds. (D)
Photoconversion efficiency of ZnO photoanodes. (E) Cyclic voltammetry at 0.1 V s™ of ZnO-nr/CC over 150 cycles. (F) SEM images of ZnO-nr/CC
comparing the surface morphology before and after 150 cycles of cyclic voltammetry.

that the enhanced surface area of nanorods is an effective pro-
moter of the water splitting kinetics. The effect is similar,
albeit less pronounced, in samples without polydopamine
coating — ZnO-nr/CC (no PolyD) exhibited a photocurrent 44%
higher than that of ZnO-seed/CC (no PolyD). This decrease in
enhancement may have been caused by the nanorods falling
off during rinsing of the samples after ZnO nanorod growth.
Without the polydopamine adhesive, the coverage of the ZnO

This journal is © The Royal Society of Chemistry 2024

nanorods became less than that of the ZnO seed layer, which
can be observed in Fig. 2B.

It was reported in several studies that OER rates tend to be
faster on the polar (001) face of wurtzite ZnO nanorods, rather
than on the non-polar (100) and (110) faces.>"** Given the hex-
agonal cross-section of the nanorods (Fig. 1B) and with refer-
ence to earlier studies using similar hydrothermal growth

recipes,®****** our ZnO nanorods were likely to have grown
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along the [001] wurtzite crystal direction, with most of the cata-
lytic surface being contributed by the less reactive non-polar
(100) and (110) planes at the sides of the [001]-oriented rods.
This limitation is more than overcome by the fibrous nature of
the carbon cloth substrate which provides numerous surfaces
for more nanorods. The end result is very high faradaic cur-
rents (i.e. 3 mA cm ™ at 1.8 Vgyg, shown in Fig. 5A) that signifi-
cantly exceed those from ZnO nanostructures on planar sur-
faces, even if the ZnO had predominantly polar (001) surfaces
(0.6 mA cm™ at 1.8 Vgyg).>*

There is also significant evidence from past reports indicat-
ing that the morphology of ZnO nanostructures plays an
important role in determining the water splitting efficiency.
For instance, setups employing ZnO nanotubes were found to
exhibit an efficiency of ~0.45%,* while those using ZnO with
very small nanorod diameters (<100 nm) had an efficiency of
~0.4%.° ZnO nanorods that were functionalized with NiO co-
catalysts could also increase the efficiency to ~1.8%.>
Therefore, with appropriate modifications to the ZnO nanorod
synthesis, it may be possible to further improve the photocon-
version efficiencies of the present CC-based samples.

3.2.3. Long cycling tests. Furthermore, the ZnO photo-
anode was found to be stable when subjected to cyclic voltam-
metry (CV) under constant illumination over a long duration
(>1 h, 150 cycles), high voltages (0.64-2.14 Vgyg), and fast
sweeping (100 mV s™*) (Fig. 5E). The CV loops became slightly
steeper over repeated cycling, probably due to charge build-up
in the electric double-layer at the electrode surface. SEM
imaging of the photoanode after cycling shows that the carbon
fibers remained densely covered with ZnO nanorods (Fig. 5F).
A closer inspection reveals that the nanorods became slightly
rounded and rougher than the morphology before testing.
This could be due to a small degree of photocorrosion, a
process where photoexcited holes oxidize ZnO, instead of

View Article Online
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water, into oxygen gas.”>>’ In contrast, Raman spectroscopy
(ESI, Fig. S3f) detected no significant difference in the
samples before and after cyclic voltammetry, indicating that
there was little change in the chemical structure of the elec-
trode surface during electrolysis.

3.2.4. Electronic band diagram for the ZnO photoanode.
Band diagrams for the heterostructures in the photoanodes
are shown in Fig. 6. The energy levels were obtained from
ultraviolet photoelectron spectroscopy (UPS) and literature
sources,'>*® with details available in the ESI (S4).F Since the
valence band (VB) edge of ZnO is at a lower level than that of
the OER and the bandgap of ZnO (3.26 €V) is larger than the
water splitting reaction potential (1.23 eV), the photoexcited
holes possess sufficient energy to oxidize H,O into O, gas.'®
Given that as-grown ZnO is n-type, its conduction and valence
bands tend to bend upwards towards the interface with the
electrolyte,” which helps drive photoexcited holes towards the
electrolyte for the OER and reduces the chances of them
recombining with electrons prematurely. The photoexcited
electrons in the conduction band (CB), on the other hand, can
move towards the substrate and then to the cathode via the
external circuit to participate in the HER.

Notably, the difference between the work functions of ZnO
and the substrates (CC and ITO) resulted in a Schottky junc-
tion with a barrier height of ~0.5 eV at the ZnO/CC and ZnO/
ITO interfaces. This corresponds well with our experimental
data, which indicates that significant photocurrents were
obtained only after a positive bias of >0.5 V was applied to the
substrates (Fig. 5A and B), thus lending credence to the band
diagram in Fig. 6. In addition, because the work functions of
the carbon cloth and ITO substrates are so similar (~4.5 eV),
the improved photoelectrochemical performance in CC-based
electrodes over ITO-based electrodes is unlikely to be rooted in
differences in the electronic properties of the substrate

EVaccum
(I)CC . 4.51 eV
or
®ITO == 4.45 eV
EFerml 4
__________ Eqer (H, /HY)
HOMO @ II'Z3 eV
hv
= E 0,/ (H,0
E;~=3.26 eV H,0 orr (0,/ (H,0)
& 4909 9
Substrate PolyD ZnO Electrolyte
(CCorlITO)

Fig. 6 Band diagram of the heterostructures in the photoanode. Further details about the energy levels can be found in the ESI (S4).1
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materials. Instead, it can be attributed to an increased avail-
ability of the photocatalytic ZnO material on the fibrous
carbon cloth surface, which will be confirmed in section 3.2.6.

Apart from its function as an adhesion promoter, the poly-
dopamine layer is also useful as a charge transfer layer
between ZnO and the substrates. The energy level of its lowest
unoccupied molecular orbital (LUMO) is very similar to that of
the conduction band edge of ZnO, enabling the photoexcited
electrons in ZnO to flow easily to the substrate. Polydopamine
also contains a large density of © electrons due to conjugate
bonds from its numerous indole and quinone groups®® and
high carrier mobility,"> which has been shown to be useful for
charge transfer in other heterojunction catalysts.*
Polydopamine has a small bandgap of 0.8 eV (ref. 58) which
enables it to absorb light across most of the solar spectrum,
whereas the large bandgap of ZnO limits it to absorption
mainly in the UV region (Fig. 3C). However, due to the large
barrier caused by the energy difference (~2.4 eV) between the
highest occupied molecular orbital (HOMO) of polydopamine
and the valence band (VB) of ZnO, it is very difficult for polydo-
pamine’s photogenerated holes to travel to the electrolyte and
participate in the OER. Therefore, it is likely that the polydopa-
mine layer has very limited functions as a photocatalyst.

3.2.5. Ni cathode. Linear sweep voltammetry (LSV) curves
of fibrous (Ni/CC and CC only) and planar cathodes (Ni/Cu)
are compared in Fig. 7A. While plain CC exhibited very limited
catalytic activity over the range of voltages tested, Ni coated
electrodes showed a distinct faradaic slope for the hydrogen
evolution reaction (HER). Ni/CC, in particular, produced con-
siderable current density even at small voltages (—0.4 V to 0 V).
This is probably due to significant capacitive currents arising
from the large surface area offered by the microfiber mor-
phology of the carbon cloth.

To eliminate the influence of the capacitive current, chron-
oamperometric electrochemical characterization of the
samples was performed (Fig. 7B).>® The overpotential @10 mA
cm™2 for Ni/CC was found to be 0.54 V, which is 90 mV smaller
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than that for Ni/Cu foil (0.63 V). At higher current densities,
this difference in overpotential shrinks, as the Tafel slope of
Ni/CC was 0.40 V dec™, comparatively steeper than that of Ni/
Cu foil (0.32 V dec™). In fact, Fig. 7A indicates that Ni/CC
would exhibit a larger overpotential than Ni/Cu for current
densities greater than —55 mA ¢cm™>. The complex and non-
planar surfaces in CC could have presented regions of concen-
trated electric fields. These can cause the HER reaction to
proceed at a smaller effective potential at localized regions,
resulting in an earlier onset of the faradaic slope. Conversely,
there may also be regions of weaker electric fields, resulting in
a smaller localized reaction rate with the faradaic slope being
less steep than that of the Ni/Cu foil.

For comparison, literature reports on the HER with Ni cata-
lysts generally report overpotentials of 0.16-0.31 V and a Tafel
slope of 0.18 V dec™*.>*®"°> The relative underperformance of
the present nickel electrodes may be due to the near-neutral
pH (=7.5) of the electrolyte used in this study, as it has been
shown that Ni electrodes exhibited negligible electrochemical
activity when the electrolyte had a pH of 7.° In contrast, 1 M
KOH was frequently used as an electrolyte in other studies.

3.2.6. Double-layer capacitance. Cyclic voltammetry (CV)
with different scan rates was also performed on fibrous and
planar electrodes (Fig. 8) at non-faradaic potential regions. A
typical set of CV loops is presented in Fig. 8A and loops from
different samples are compared in Fig. 8B. Data from the
strongest current during cathodic scan are plotted against the
scan rate for various electrode samples in Fig. 8C, where the
slope of the data points corresponds to the double layer capaci-
tance (Cq1), which is indicative of the electrochemically active
surface area (ECSA).*

From Fig. 8C, it is observed that the capacitances of the
fibrous CC-based electrodes, ZnO-nr/CC (4.4 mF cm™?) and Ni/
CC (3.0 mF cm™?), are in line with the results of previous
reports on functionalized CC,'®?"?*> and much higher than
those of their planar counterparts. This directly confirms our
hypothesis in the previous sections that the high linear sweep
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(A) Linear sweep voltammetry (LSV) curves of nickel coated carbon cloth (Ni/CC), nickel coated copper foil (Ni/Cu), and carbon cloth (CC)

cathodes. (B) Overpotential for the HER from various cathodes as a function of current density, obtained from chronoamperometry (CA) measure-

ments. The data have been iR-compensated (see the ESI, S17).
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Fig. 8 (A) A series of CV loops at different scan rates taken from ZnO-nr/CC. (B) Comparison of different CV curves taken at 20 mV s* from

different samples: ZnO nanorods-on-carbon cloth (ZnO-nr/CC), nanorods-

on-1TO/glass (ZnO-nr/ITO), nickel-on-carbon cloth (Ni/CC), and nickel-

on-copper foil (Ni/Cu) samples. (C) Current density as a function of scan rate during cyclic voltammetry (CV) from different samples. The double-
layer capacitance (Cq) is calculated from the magnitude of the fitted linear slope.

voltammetry currents obtained for the ZnO-nr/CC photoanode
(Fig. 5A) and Ni/CC cathode (Fig. 7A), as well as the relatively
slow response of ZnO-nr/CC to a change in illumination
(Fig. 5C), are due to a large double layer capacitance for CC-
based electrodes.

Importantly, ZnO-nr/CC had 44.9 times the capacitance of
ZnO-nr/ITO, which is almost exactly the same improvement
that Ni/CC had over Ni/Cu (44.8x). This result suggests that the
increase in capacitance is likely due to the same source - an
increase in the actual surface area due to the fibrous micro-
structure of CC, which significantly increased the number of
electrochemical reaction sites. To further support this point,
we also note that ZnO-nr/CC had 1.47x the capacitance of Ni/
CC which is, again, the exact same improvement of ZnO-nr/
ITO over Ni/Cu. In this case, the increase in reaction sites
came from the additional surface generated by the nanorod
morphology of ZnO. It is worth noting that, other than the

8412 | Nanoscale, 2024, 16, 8401-8416

surface area, the surface chemistry clearly mattered too, as the
capacitance of plain CC was 2.5x-3.7x smaller than those of its
functionalized counterparts (Fig. 8C).

The key to achieving such favorable surface chemistry on a
large surface area for water splitting reactions is the use of
polydopamine-assisted electroless deposition. The result of
this study shows that electroless deposition has a very high
throwing power ie. the ability to deposit materials uniformly
on geometrically complex surfaces. This enabled the growth of
a uniform coating of functional Ni and ZnO on the microfi-
bers, fully utilizing the available surface to deposit large
amounts of catalytic material.

3.2.7. Overall water splitting. The overall water splitting
process for different combinations of planar electrodes (ZnO-
nr/ITO-Ni/Cu foil) and fibrous electrodes (ZnO-nr/CC-Ni/CC)
was studied in two-electrode setups (Fig. 9). The linear sweep
trends in Fig. 9A and B were observed to be highly similar to

This journal is © The Royal Society of Chemistry 2024
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Photoconversion efficiency of planar and CC-based electrodes.

the OER curves (Fig. 5A and B), indicating that the overall
water splitting reaction was strongly limited by the OER,
regardless of the electrode morphology. Furthermore, the
setup with the ZnO-nr/CC photoanode demonstrated excellent
stability over extended periods of electrolysis under illumina-
tion (Fig. 9C), which is consistent with the results of cyclic
tests shown in Fig. 5C.

To assess the 2-electrode photoconversion efficiency, 5, of
the setups, we used the earlier-mentioned eqn (5) with the
voltage V term replaced with the applied potential (V,p,) under
the 2-electrode measurement setup:

gt (1.2\;— Vapp) (6)
mn

The efficiencies of the fibrous and planar electrode setups
were found to reach maximum values of ~0.11% and ~0.02%,
respectively (Fig. 9D), with the fibrous electrode setup offering
a 5.5 times improvement. Interestingly, despite the unidirec-
tionality of the incident light and the same apparent illumina-
tion area, the setup employing the fibrous ZnO-nr/CC photo-
anode was more efficient than that using the planar ZnO-nr/
ITO photoanode. A possible reason for this could be that the
incident light was scattered forward, further into the depths of
the fibrous ZnO-nr/CC electrode, resulting in additional photo-

This journal is © The Royal Society of Chemistry 2024

excitation opportunities for the nanorods beneath the surface
of the carbon cloth. In contrast, the incident light can only be
scattered backwards without much interaction with the nano-
rods for the planar ZnO-n1/ITO electrode.

4. Discussion

To the best of our knowledge, this is the first study conducted
for a water splitting photoanode made from fibrous carbon
cloth functionalized with ZnO nanorods. By utilizing a polydo-
pamine-assisted electroless deposition process, ZnO nano-
structures and Ni film were uniformly deposited on the highly
uneven microfiber surfaces of the carbon cloth, which enabled
a large amount of catalytic material to participate in the water
splitting reactions. This was confirmed by cyclic voltammetry
measurements, which indicated an ~2 order of magnitude
increase in electrochemically active surface area (ECSA) of
ZnO-nr/CC electrodes compared to that of planar ZnO-nr/ITO
electrodes (Fig. 8C). The enhanced surface area provided by
the carbon cloth fibers for adherent ZnO nanorod growth
(Fig. 2A and B) turned out to be key to a better photoelectro-
chemical performance (Fig. 5C), as the electronic band pro-
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perties of carbon cloth were too similar to those of ITO to
cause a change in the water splitting efficiency (Fig. 6).

Some advantages offered by the CC-based electrodes
include smaller onset potentials for both the HER (with Ni)
and the OER (with ZnO) and more than 5 times improvement
in photoconversion efficiency for carbon cloth electrodes com-
pared to that of their planar counterparts. The dark current of
ZnO-nr/CC was also found to be ~40 times larger than that of
planar samples, implying that ZnO-nr/CC can provide signifi-
cant water splitting activity at low voltages even under ambient
lighting.

Furthermore, ZnO-nr/CC photoanodes exhibited a
maximum photoconversion efficiency of 0.45% in 3-electrode
measurements, which was substantially higher than those of
ZnO nanostructures fabricated on planar substrates reported
here (0.05%) and elsewhere (0.03%-0.15%).>%** When
paired with Ni-based cathodes in a 2-electrode setup, the
maximum efficiencies were reduced to 0.11% (fibrous) and
0.02% (planar), possibly due to the overpotentials of the
cathode which were excluded in 3-electrode measurements.
Nevertheless, the CC-based fibrous electrodes demonstrated a
significant 5.5% improvement over planar electrodes. It is also
worth noting that 2-electrode efficiencies were rarely reported
in previous ZnO-related water splitting studies, despite having
greater practical significance and being strongly recommended
by Walter et al."® over 3-electrode efficiencies.

Lastly, apart from the initial pyrolysis procedure for the pro-
duction of the carbon cloth, all other synthesis processes
occurred at very mild temperatures of below 100 °C. This con-
trasts with the conventional method of ZnO nanorod syn-
thesis, which requires the spin-coated sol-gel to be subjected
to a high temperature treatment step of ~500 °C to generate
the ZnO seed layer.'* The aqueous-based synthesis techniques
reported here are also highly scalable to large substrate sizes
and use relatively cost-effective chemical precursors and
materials. Furthermore, the water splitting setup uses a near-
neutral electrolyte (pH = 7.5), which ensures a long working
life of the setup. Therefore, apart from improved performance
over planar electrodes, the use of carbon cloth and polydopa-
mine-assisted electroless deposition also offers practical
advantages in the development of photoelectrochemical water
splitting plants.

5. Conclusions

Electroless deposition was used to synthesize ZnO and Ni
nanomaterials uniformly on highly complex surfaces of carbon
cloth (CC) microfibers. Particularly, polydopamine-assisted
electroless deposition was successfully demonstrated as an
alternative method to deposit the seed layer of ZnO, prior to
the usual hydrothermal growth of ZnO nanorods. The resul-
tant ZnO nanorods are of good crystalline quality and demon-
strate good coverage over the substrate, which is essential for
achieving good photoelectrochemical performance.
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The morphology of the substrate has a profound effect on
the photoelectrochemical performance in water splitting. The
fibrous morphology provided by carbon cloth offers a large
surface for the functionalization of the catalytic material in the
form of ZnO nanorods and Ni nanofilms. In ZnO nanorod
photoanodes, CC substrates enable more than 5 times
improvement of photoconversion efficiencies, smaller onset
potentials (1.1 Vgyg vs. 1.8 Vryg), and 40 times larger dark far-
adaic currents at 1.23 Vgyyg compared to ZnO grown on planar
ITO-based substrates. CC substrates also enable Ni cathodes to
experience ~90 mV smaller overpotential@10 mA cm 2, but at
the expense of a larger Tafel slope. The photocurrent obtained
from the ZnO-nr/CC anode is highly stable with the peak
current decreasing by only ~5% across 5 cycles of illumination,
compared to the ~72% decrease experienced by the planar
ZnO-nr/ITO anode. However, the response of the CC-based
photoanodes to changes in the illumination conditions is
slower, taking hundreds of seconds to reach the peak photo-
current, compared to the tens of seconds taken by the planar
electrodes. The double-layer capacitance of the electrodes was
measured using cyclic voltammetry, showing that the
increased efficiency of the ZnO-nr/CC anode is due to an
almost 2 order of magnitude increase in electrochemically
active sites. This is provided by the copious surface of the
microfiber morphology in the carbon cloth.

The aqueous based material synthesis procedures pre-
sented here are easy to implement and highly amenable for
scaling up over large areas. The electrochemical experiments
were conducted at near neutral pH, which is helpful for sus-
tainable and safe operation.
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