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Abstract 
The heterostructure of graphene and ZnO nanorods is attractive as a tin oxide-free electron transport layer for a broad variety 
of excitonic photovoltaic technologies. This work focuses on the effect of electrodeposition variables on morphology and 
performance of vertically aligned zinc oxide nanorods (ZVNRs) on graphene. This in situ growth technique has potential for 
fabrication of a wide variety of graphene heterostructures under mild synthesis conditions to prevent graphene damage. Large 
area graphene was grown by chemical vapor deposition, stacked up to four atomic layers, and transferred to glass. ZVNRs 
were electrodeposited on the graphene-coated glass and the topography was controlled by changing the electrodeposition 
parameters of the time, temperature, stirring, and seeding layers. The mechanisms controlling the cathodic electrodeposi-
tion of nanocrystals on graphene were studied by scanning electron microscopy of the ZVNRs topography. The effect of 
the topography of the ZVNRs on the electron generation and transport was studied for photoanode application in reference 
dye-sensitized solar cells. The charge transfer resistance and kinetics of the materials as photoanodes were measured with 
the techniques of linear sweep voltammetry, open circuit voltage decay, and electrochemical impedance spectroscopy. The 
optimization of ZnO growth resulted in an increase of the surface-to-volume ratio of the electrode from 10 to 250  mm−1, 
60-fold increase of electron lifetime and ten-fold increase in power output. The results of this study provide fundamental 
understanding for designing electrodeposition processes of the hybrid ZVNR/graphene material.
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1 Introduction

A photoelectrochemical cell is a device that harvests sunlight 
to convert it into other forms of energy such as chemical or 
electrical and is based on a photoanode connected to a coun-
ter-electrode via an electrolyte. The photoanode absorbs the 
photons and drives oxidation reactions of a mediator in the 
electrolyte, which are regenerated in the counter-electrode. 
Nanostructured wide-bandgap semiconductors, like  TiO2 or 
ZnO, spread over a transparent conductor are attractive as 
photoanodes due to their low cost and wide availability. The 
limited solar spectrum range that ZnO or  TiO2 absorbs in 
the ultraviolet portion of the sun spectrum is expanded to 
visible range by sensitizing the photoanodes with photoac-
tive materials, such as organic and metalorganic dyes [1] 
quantum dots [2], plasmonic nanoparticles [3], perovskites 
[4, 5], and photosynthetic biomolecules [6, 7]. A large por-
tion of the photoanode cost corresponds to the choice of 
transparent conductor, typically doped tin oxide. Tin oxides 
are fragile materials derived from non-abundant sources, 
like cassiterite, which classifies as conflict mineral and can 
adversely affect both water quality, human health and social 
conditions [8–10]. Graphene is a sustainable alternative to 
tin oxides, as it can be obtained from a variety of organic 
sources, including waste byproducts, as illustrated in Fig. 1. 
Pristine CVD-graphene with large domain size stands out as 
the most promising graphene variant for TC application, not 
only due to its superior optoelectronic properties, but also 
because large area films can be produced at an industrial 
scale [11].

ZnO and  TiO2 are the two most common wide-bandgap 
semiconductors for photoanodes with very similar bandgaps; 
however ZnO has an electron mobility that is two to three 
orders of magnitude larger [12]. Additionally, ZnO is also 
more reactive and it can be synthesized into its crystalline 
form under mild conditions with a variety of shapes, being 
more compatible for in situ growth on graphene, considering 
the high oxidation susceptibility of the latter. The vertically 
aligned ZnO nanorods (ZVNRs) offer a large surface area for 
light scattering and absorption. Their short radial distance 
promotes rapid transport of minority charge carriers towards 
the junction for exciton separation, they have lower electron 
transfer resistance through the semiconductor in compari-
son to nanoparticles assemblies where electrons must cross 
several interfaces with high probability of recombination 
[13–15]. The ZVNR/graphene heterostructure (ZVNR/G) 
has been reported recently as an electron transport layer in 
perovskite solar cells with efficiency of 12.87% for pristine 
graphene and 16.82% for nitrogen-doped graphene [16]. 
Therefore, understanding how the parameters for ZVNR 
in situ growth on graphene affect its topography and photo-
anode performance is fundamental for the future develop-
ment of low-cost, sustainable photoelectrochemical cells.

Electrodeposition of nanostructured thin films has 
been gaining attention lately due to the high-end quality 
of the film, the excellent process control and its advan-
tages over other techniques like doctor-blade and chemi-
cal vapor deposition [17]. Crystalline nanostructures can 
be obtained with electrodeposition at temperatures below 
100  °C without further need for thermal treatments, 
which is a critical requirement for the development of 
flexible devices on polymeric substrates. This technique 
is an in situ deposition method, which results in reduced 
interfacial resistance. It is also facile and low-cost, as no 
expensive facilities or high energy processes are required. 
Cathodic deposition of transparent ZnO films on conduc-
tive glasses from a simple aqueous Zn(NO3)2 electrolyte 
was first reported in 1996 by Ozaki and Omi, with films 
showing (0001) preferred orientation under certain con-
ditions [18]. A systemic study of the electrodeposition 
of ZVNRs on tin oxide substrate using nitrate ion as a 
precursor was first reported in 2012 [19]. The reaction 
leading to oxide formation is the electrogeneration of a 
base (Eq. 1) followed by dehydration (Eq. 2) as described 
in Eqs. 1 and 2:

In a photoanode, the power conversion efficiency is 
strongly dependent on the semiconductor surface area 
since it determines the junction area at which the pho-
toelectrochemical reactions take place. For an array of 
ZVNRs, the surface area can be increased by reducing the 
diameter of the rods and increasing their length. Several 
approaches are used to reduce the diameter of ZVNRs, 
one of the most effective being the use of seed layer, also 
called buffer layer. This seed layer provides a dense source 
of nucleation centers for the growth of the ZVNRs [20].

Graphene variants like reduced graphene oxide [21], 
oxidized CVD-graphene [22], pristine CVD-graphene 
[23], and graphene foam [24] have been studied as con-
ductive substrates for the fabrication of the ZVNR/G by 
electrodeposition. The mild growth conditions of electro-
deposition prevent graphene damage by oxidation. A nega-
tive bias applied seems to protect graphene from defect 
introduction, as it has been observed in electrochemical 
delamination from metallic foils [25]. We have demon-
strated that cathodic electrodeposition on graphene offers 
a feasible in situ route to fabricate the ZVNR/G hybrid, 
while preserving the  sp2 structure of graphene. The ZVNR 
growth conditions on graphene have been optimized to 
obtain continuous carpet of crystalline vertically aligned 
nanorods highly texturized in the [0001] direction. The 
graphene substrate has been observed to induce mosaicity 
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and crystal distortions that could be attributed to misfit 
dislocations in the ZVNRs, due to the lattice mismatch 
between graphene and ZnO that generates an out-of-plane 
strain [26].

In this work, we explore the effects of electrodeposition 
parameters on the ZVNR morphology and the performance 
of the hybrid as a photoanode in a DSC. The electrodep-
osition parameters investigated were temperature, time, 
stirring, and the use of a seeding layer. The photoelectron 
generation and transport in the ZVNR/G was studied via 
linear sweep voltammetry (LSV), open circuit voltage 
decay (OCVD), and electrochemical impedance spectros-
copy (EIS). This study aims to explore the fundamentals 
of crystal growth in graphene as a sustainable conductive 
substrate and elucidate the predominant mechanisms of 
power generation and loss of the heterostructure in solar 
energy harvesting application.

2  Methods

2.1  Graphene transparent conductive layer

A continuous graphene film was grown on Cu foil using 
ambient-pressure CVD to yield a domain size up to 
300 mm. A Cu foil is annealed for two hours at 1030 °C in 
the furnace at atmospheric pressure with Ar (300 sccm) 
and  H2 (15 sccm). Then, graphene is grown with 375 sccm 
of diluted methane in Ar (90 ppm) and 15 sccm of  H2 for 
60 min and cooled with Ar (300 sccm) and  H2 (15 sccm). 
More details are provided in Supporting Information (SI) 
[26, 27]. The graphene on copper was spin-coated on one 
side with PMMA. The copper was etched in 0.3 M  FeCl3 
and cleaned with DI water. The floating graphene/PMMA 
film was stacked onto a second graphene/Cu film. The 

etching and stacking processes were repeated until 4-lay-
ered graphene (4LG) was obtained. The 4LG was then 
transferred onto a clean glass substrate, with the graphene 
in contact with the glass. The PMMA was dissolved in 
acetone, the graphene annealed in Ar/H2 at 250 °C, and 
10/120 nm Cr/Au contacts were e-beam evaporated.

2.2  Electrodeposition of ZVNR and pre‑deposition 
of seeding layer on graphene

The ZVNR electrodeposition and pre-deposition of seed-
ing layer on graphene was performed using a CHI 660C 
electrochemical station and CHI6005E electrochemical 
work station software.

For the ZVNR electrodeposition, a three-electrode con-
figuration was used, with graphene-on-glass as the work-
ing electrode, platinum mesh as the counter-electrode, and 
Ag/AgClsat’d as the reference electrode. PMMA was used 
as dielectric coating on the Cr/Au contact. For the ZVNR 
growth, a cathodic potential was applied to the graphene 
in 10 mM Zn(NO3)2 aqueous solution to maintain a current 
density of 0.4 mA  cm−2, which had been optimized in our 
previous report to obtain well-aligned crystalline ZVNRs 
on graphene [25]. We studied the effect of three growth 
variables: temperature, time and stirring. The temperature 
studied varied between 70 and 80 °C, the time was varied 
from 0.5 to 2 h, and stirring and non-stirring conditions 
were compared. The Zn(NO3)2 solution was refreshed 
every 10 min for all experiments.

To pre-deposit a seed layer, a Zn(OH)x compact film 
was electrodeposited at − 1.2 V vs Ag/AgClsat’d (− 1 V 
vs Standard Hydrogen Electrode, SHE) from 50  mM 
Zn(NO3)2 aqueous solution at room temperature, until a 
charge density of 30 mC  cm−2 was obtained (~ 23 min). 

Fig. 1  Sustainable fabrication of tin-oxide free photoanode. a Syn-
thesis of high-quality graphene, a carbon-based transparent conduc-
tor produced from abundant renewable resources. b Electrodeposition 
of ZnO nanostructures on graphene to make a hybrid photoanode. c 

Use of ZVNR/G hybrid as a photoanode, electron transfer processes 
occurring: arrows in green indicate power generating processes, 
arrows in red indicate power loss processes
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The film was converted into ZnO by annealing at 200 °C 
for 1 h [28, 29]. Other methods for seeding layer deposi-
tion that were explored produced larger diameter VNRs 
and their details can be found in the SI.

2.3  ZVNRs topography characterization

The ZVNRs topography was analyzed using Scanning 
Electron Microscopy (SEM) and image analysis. SEM was 
performed using the FEI NovaNanoSEM 450 and no con-
ductive coating was necessary. Geometrical measurements 
were taken from top and cross-section SEM micrographs 
with ImageJ software. The average ZVNRs diameter (⍉NR), 
length, aperture angle (for truncated pyramidal ZVNRs), 
density (ρNR, number of ZVNRs in a given area) and surface-
to-volume ratios were obtained by counting and measuring 
at least 200 ZVNRs from at least 5 different areas for each 
sample.

2.4  Photoelectron transport characterization

The electron transport measurements were performed 
using a dye-sensitized solar cell (DSC) configuration. The 
photo-anode was sensitized through a 12-h immersion in a 
0.3 mM ethanoic solution of N3 dye (cis-Bis(isothiocyanato) 
bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium(II)) 
(Sigma-Aldrich). The counter-electrode was prepared by 
e-beam evaporation of a 40 nm/40 nm Ti/Pt film on a clean 
glass substrate. The photoanode and counter-electrode were 
clipped together to assemble the DSC, using a polydimethyl-
siloxane spacer. The cell was filled with an electrolyte of 
acetonitrile and ethylene carbonate in 2:1 volume ratio, 
0.1 M LiI, 0.03 M  I2, and 5% m  v−1  LiClO4. The DSCs 
were tested under a xenon lamp (USHIO UXL-75XE) with 
a power density of 100 mW  cm−2, calibrated with a Newport 
Power Meter 1918-R. Electrochemical characterization of 
the devices was performed with the CHI 660C in a two-
electrode configuration and CHI6005E electrochemical work 
station software was used for recording the data.

The linear sweep voltammetry (LSV) was performed 
from 0.2 to -0.8 V. The open circuit voltage decay (OCVD) 
was measured by monitoring the open circuit voltage  (VOC) 
of the DSC after switching from illuminated to dark opera-
tion. Electron lifetime τn was calculated from the OCVD 
according to Eq. 3 [30]:

The electrochemical impedance spectroscopy (EIS) 
was performed under illumination in the frequency range 
between 0.1 Hz and 100 kHz, setting the bias voltage at 
the  VOC of the device and the amplitude at 10 mV. EIS of 

(3)� = −
kBT

n

(

dVOC

dt

)−1

the photo-electrode was interpreted according to the most 
widely accepted model (Fig. S1). The equivalent circuit 
of a DSC is composed of electron diffusion through ZnO 
(Rd) coupled to electron recombination reactions with the 
electrolyte (Rk) in a transmission line model, in series 
to the charge transfer resistance at the ZnO/G interface 
(RZnO/G) [31, 32]. More details on the impedance fitting 
can be found in SI [26].

3  Results and discussion

ZVNRs were electrodeposited on graphene under variable 
conditions. Table 1 details the electrodeposition param-
eters of stirring, seed layer, temperature (T), and time (t) 
studied for each sample and the morphology parameters 
of ZVNR density (ρNR) and diameter (⍉NR) obtained from 
the analysis of SEM micrographs.

3.1  Effect of temperature and time

3.1.1  Effect of temperature and time in the ZVNRs 
topography

The electrodeposition solution temperature ranging from 
70 to 80  °C affects the topography of the ZVNRs, as 
shown in Fig. 2a–c′. At 70 °C, a sparse layer of randomly 
oriented ZVNR structures, while at 75 °C increased cov-
erage and alignment is obtained, and the temperature at 
80 °C causes even greater compactness and uniformity. 
The incomplete graphene coverage at 70 °C indicates that 
exclusion zones are formed due to concentration deple-
tion that hinder further nucleation near existing growing 
nuclei [33]. As higher temperatures are applied, mass 
transfer is more efficient, leading to complete coverage of 
the graphene surface. A higher nucleation density causes 
the ZVNR average diameter to reduce from 475 nm at 
70 °C, to 364 nm at 75 °C and 360 nm at 80 °C. At the 
same time, the NR density increases from 1.8 ×  108  cm−2 
for 70 °C, to 3.4 ×  108  cm−2 for 75 °C and 3.5 ×  108  cm−2 
for 80 °C. Above 80 °C, the ZnO crystal growth rate in the 
lateral directions is faster, and the VNRs’ walls eventually 
merge into grain boundaries to form a continuous ZnO 
layer rather than a ZVNRs carpet.

Extending the time of electrodeposition from 0.5 to 2 h 
results in an increase of ZVNRs dimensions, as reported 
previously on FTO [34]. The diameter increases from 
360 to 790 nm, and the length increases from 0.9 mm 
to 3.1  mm, as observed in the SEM micrographs in 
Fig. 2c″–d″. The lateral growth of the ZVNR occurs at 
slower rate than the longitudinal, because of the higher 
energy configuration of the (0001) planes. However, the 
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slower growth in lateral directions still leads to the broad-
ening of the ZVNR diameter at extended time, which 
results in the merging of the ZVNR into a mostly continu-
ous film of ZnO.

3.1.2  Effect of temperature and time in the ZVNR/G 
electrochemical characteristics

Figure 3a shows the potential-time (V–t) curves for the elec-
trodeposition of ZVNRs at the different temperatures. The 
potential range for the deposition is within the zone for ZnO 
formation in the Pourbaix diagram for the Zn/H2O system 
[35]. The curve corresponds to a mass transfer-controlled 
process showing four distinct regions [36, 37]. In stage I, 
a sudden increase of the potential is related to the double 
charge layer formation. Stage II is a short period of potential 
reduction, during which independent nuclei appear and grow 
on the surface of the graphene. This growth continues until 

the formation of exclusion zones that virtually arrest further 
nucleation and a minimum potential is reached. Stage III is 
another region of potential increase which is more extended 
than stage I. During stage III, the two opposing processes of 
independent nuclei growth and nuclei overlapping take place 
simultaneously. This leads to electrode relative passivation 
due to gradual coverage of the conductive graphene, raising 
the overpotential required to maintain constant mass deposi-
tion. Finally, a plateau is reached in stage IV, in which the 
available graphene surface is either coated with ZnO or is 
an exclusion zone. During stage IV, steady growth occurs 
because a constant ionic concentration is maintained in the 
bulk of the electrolyte by refreshing the solution. Faster dep-
osition rates in the [0001] direction lead to ZVNR formation 
[36, 37]. As a general trend, less overpotential is required 
at higher temperatures to maintain the galvanostatic con-
ditions, due to the additional energy provided by the heat. 
The V–t curve obtained at 80 °C is absent of the potential 

Table 1  ZVNRs 
electrodeposition parameters, 
density (ρNR) and diameter 
(⍉NR)

Stir Seed layer T (°C) t (h) ρNR
(×  108  cm−2)

⍉NR 
(nm)

1 ✓ ✕ 70 0.5 1.8 475
2 ✓ ✕ 75 0.5 3.4 364
3 ✓ ✕ 80 0.5 3.5 360
4 ✓ ✕ 80–75 2 1.9 790
5 ✕ ✕ 80–75 2 5.5 487
6 ✕ ✓ 80–75 2 43.4 134

Fig. 2  SEM micrographs illustrating the effects of temperature and time on topography of ZVNRs grown on graphene grown by electrodeposi-
tion at a 70 °C and 0.5 h, b 75 °C and 0.5 h, c′, c″ 80 °C and 0.5 h, and d′, d″ 75–80 °C and 2 h. Scale bar 1 mm
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drop seen in region II. This indicates that independent nuclei 
formation and nuclei overlapping occur almost instantane-
ously, and growth is not inhibited by exclusion zones at this 
temperature.

The heterostructure of ZVNR/G was used as the photo-
anode in a DSC. The transient photovoltage measurements 
in Fig. 3c show that as the ZVNR film becomes more com-
pacted, the cells produce a higher photovoltage under illu-
mination. The heterostructure grown at 70 °C yields a Voc 
of 150 mV, at 75 °C it yields 190 mV, and at 80 °C it yields 
300 mV. A slower Voc decay indicates that the electron life-
time τ is longer for the more compacted ZVNR films, as 
shown in Fig. 3c, d. The EIS of the devices grown at the 
different temperatures are described by the Nyquist plots 
in Fig. 3e, showing that as the graphene’s surface becomes 
more densely coated, a larger Rk results, due to blocking 

the contact between graphene and electrolyte. A more com-
pacted film blocks the contact of the electrolyte with the 
graphene, increasing the Rk and slowing down the photoelec-
tron loss kinetics, as observed in ZVNR/FTO photoanodes 
[34]. The formation of a more compact film also reduces the 
surface area and increases the imaginary impedance (Z″) 
values, due to a reduction of the effective capacitance of the 
nanoporous film [38].

The desirable ZVNR morphology would be compacted 
at the bottom to prevent recombination losses from exposed 
graphene but with gaps between the ZVNRs at the top to 
provide higher interfacial area at the junction of the device. 
Therefore, for the remainder of the growth experiments, 
we used 80 °C during the first 10 min of growth and then 
cooled down the solution to 75 °C until the end of the ZVNR 

Fig. 3  Effect of time and temperature in the electrochemical charac-
teristics of ZVNR/G hybrid. a Applied potential as a function of time 
for ZVNR electrodeposition on graphene at constant current density 
of 0.4  mA   cm−2. Photoelectrochemical response of DSC fabricated 

with ZVNR/G sensitized with N3 dye in  I−/I3
− under a Xe lamp with 

a power density of 100 mW  cm−2. b Linear sweep voltammogram, c 
VOC decay, d calculated electron lifetime τ and e Nyquist plot of elec-
trochemical impedance
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growth. The term “80–75 °C” will be used to refer to this 
growth condition.

As time is extended from 0.5  h to 2  h, using the 
80–75°Cconditions, the photoanode Rk, VOC and � increases 
because of its morphology (Fig. 3c–e),ascribed to the block-
ing of the graphene from the electrolyte, which prevented 
power loss events [34], and reduction of surface area [38]. 
The DSC Voc doubles when the ZVNR were grown for 2 h 
instead of 30 min.

3.2  Effect of stirring

3.2.1  Effect of stirring in the ZVNRs topography

Even though the higher temperature and longer growth time 
increase the photovoltage of the electrode, the photocurrent 
remains low (Fig. 3b). Therefore, the stirring conditions 
during electrodeposition were varied to modify the mass 
transfer during ZVNR growth. When the VNRs grow in 
stirred conditions, straight rods grow as shown in Fig. 4a, 
while in unstirred conditions truncated pyramidal rods 
develop, shown in Fig. 4b. The length of the VNRs increase 
to 4.7 mm in unstirred conditions, compared to 3.1 mm for 
stirred conditions, while the diameter is reduced from 790 to 
487 mm, which is expected to maintain constant mass depo-
sition, i.e. constant current density. The truncated pyramidal 
shape and the increase in length are a result of increased  Zn+ 
concentration gradient. Anisotropic growth occurs mostly 
along the c-direction of the crystal in unstirred conditions 
because  Zn+ diffusion is significantly slower than  OH− gen-
eration. As the ratio of  OH− to  Zn+ increases in the immedi-
ate vicinity of the electrode, most  Zn+ ions are consumed 
at the tip of the rods, limiting lateral growth [19, 39]. In 
unstirred conditions, a threefold increase in VNR density is 
observed to yield 5 ×  108 VNRs  cm−2, compared to 1.9 ×  108 
VNRs  cm−2 in stirred conditions.

3.2.2  Effect of stirring in the ZVNR/G electrochemical 
characteristics

The V–t curves for the growth of the ZVNRs in unstirred 
and stirred conditions are compared in Fig. 5a. Simi-
lar growth mechanisms are observed under stirred and 
unstirred conditions, where 4 distinct growth stages 
take place, as analyzed previously [36, 37]. However, in 
unstirred conditions, nuclei formation in stage II occurs 
at faster rates. The reduced diffusion of ions along the 
graphene surface in unstirred conditions probably acceler-
ates electro-crystallization, leading to faster achievement 
of the minimum potential, as exclusion zones form much 
faster. At the same time, nuclei growth in stage III occurs 
at much slower rates in unstirred compared to stirred con-
ditions, and surface saturation takes 6 times longer. The 
slower mass transfer at the surface of the graphene when 
unstirred leads to slower deposition rate [40]. The poten-
tial plateau of stage IV has a similar value of ~ − 0.7 V 
vs SHE for unstirred and stirred conditions, given that the 
current density and temperature are identical. Therefore, 
the stirring conditions do not modify the thermodynamics 
of the system, but only the mass transfer kinetics.

The truncated pyramidal shape and higher density of 
the ZNVRs grown in unstirred conditions leads to a pho-
tocurrent twice as large as obtained for ZVNR grown 
under stirred conditions. This can be observed in Fig. 5b. 
However, the lower recombination resistance reduces the 
electron lifetime, which in turn lowers the VOC, as shown 
in Fig. 5c–e. This result indicates that the increased space 
between ZVNRs causes electrolyte infiltration and short-
circuiting between the redox mediator and the electrocata-
lytic graphene. The reduction of Z″ values also indicate an 
increase of surface area [38]. Because non-stirred conditions 
resulted in larger surface area and photocurrent, with slight 

Fig. 4  Effect of stirring and seed layer on ZVNR growth and photoanode performance. SEM micrographs of ZVNRs on graphene grown by 
electrodeposition at 80–75 °C conditions and 2 h a stirred, b without stirring, and c without stirring, using a seed layer
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reduction of VOC (Fig. 5c), these conditions were preferred 
for further experiments.

3.3  Effect of seed layer

3.3.1  Effect of seed layer in the ZVNRs topography

The large domains in pristine CVD-graphene provide high 
mobility which is a desirable trait for transparent conductor 
application. However, the surface of CVD-graphene is very 
smooth, which results in lower nucleation rates and larger 
ZVNR diameter than those obtained in FTO [39], reduced 
graphene oxide (rGO) [41], and oxidized CVD-graphene 

[21]. We deposited a seed layer to increase ZVNR nucleation 
density without reducing optoelectronic performance of the 
pristine CVD-graphene. Three methods were compared for 
depositing the seed layer: (i) spin coating of ZnO NPs [42, 
43], (ii) spincoating of zinc acetate [44], and (iii) electro-
deposition of  ZnOHx [28], all followed by thermal treatment. 
Methods (i), (ii) and (iii) result in ZVNRs diameters of 330, 
274, and 135 nm respectively (Table S1), compared to the 
487 nm obtained without seed layer. Electrodeposition of 
seed layer is the method that yields the smaller ZVNR diam-
eter, with one order of magnitude increase in density, com-
pared to those obtained without seed layer. Electrodeposition 
of seed layer is the method that yields the smaller ZVNR 
diameter, with one order of magnitude increase in density, 

Fig. 5  Effect of stirring and seed layer in the electrochemical charac-
teristics of ZVNR/G hybrid. a Applied potential as a function of time 
for ZVNR electrodeposition on graphene at constant current density 
0.4  mA   cm−2. Photoelectrochemical response of DSC fabricated 

with ZVNR/G sensitized with N3 dye in  I−/I3
− electrolyte under a Xe 

lamp with a power density of 100 mW  cm−2 b linear sweep voltam-
mogram, c Open circuit voltage decay (OCVD) d calculated electron 
lifetime and e Nyquist electrochemical impedance plot
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as summarized in Table 1, and consistent with results on 
FTO [19]. Therefore, we focused on the electrodeposition 
as the method for depositing the seed layer. More details on 
the methods (i) and (ii) can be found in the SI.

3.3.2  Effect of seed layer in the ZVNR/G electrochemical 
characteristics

The presence of the seed layer on the graphene, modified 
the V–t curve of ZVNR growth, as shown in Fig. 5a. The 
V–t curve does not show the stages I, II, and III previously 
observed, but starts directly at the plateau potential of ~ 
− 0.7 V vs SHE. This indicates that the ZVNR electro-
deposition on seed layer starts directly with growth stage, 
skipping the process of nucleation altogether. The plateau 
potential with and without seed layer is the same due to 
identical thermodynamic conditions, and similar to what was 
observed when comparing stirred and unstirred conditions.

Reducing the VNR diameter with the electrodeposited 
seed layer results in better light scattering, with a ten-fold 
increase in transmittance at 550 nm (Fig. S2). The larger 
junction area of smaller diameter ZVNRs, indicated by 
the smaller Z″ [38], causes an overall three-fold increase 
in photocurrent generation and reduces the Rk (Fig. 5a, e). 
The photovoltage and electron lifetime remain high due to 
blocking of fast reactions at the graphene with the compact 
bottom layer of ZnO (Fig. 5c, d). The combination of higher 
photocurrent and open circuit voltage results in increased 
maximum power generation from 8 mW  cm−2 (power con-
version efficiency (PCE) of 8 ×  10–3%) without seed layer to 
63 mW  cm−2 (PCE of 6.3 ×  10–2%) with seed layer.

3.3.3  Optimization of seed layer deposition for reducing 
ZVNR diameter

The process of seed layer electrodeposition for ZVNR 
growth is detailed in Fig. 6a. At room temperature, the elec-
trodeposition of a compact amorphous Zn(OH)x layer takes 
place [28, 36]. Then, the Zn(OH)x is decomposed into ZnO, 
a phase transition that occurs between 119 to 153 °C, we 
therefore performed the thermal treatment at 200 °C [28, 
29] The result is a compact film of ZnO NPs that control 
ZVNR growth and prevent shunt circuit contact with the 
transparent conductor. The seed layer deposition was opti-
mized to further reduce the ZVNRs diameter. The initial 
conditions for the seed layer electrodeposition were 50 mM 
Zn(NO3)2, − 1 V vs SHE, to attain 30 mC  cm−2 and thermal 
treatment heating rate of 5 °C  min−1, which yield 134 nm 
diameter VNRs (sample I). The increase of seed layer nucle-
ation rate was attempted as detailed in Fig. 6b–c, by increas-
ing the concentration of Zn(NO3)2 to 200 mM (sample II) 
and the potential to − 1.1 V (sample III), but these did not 
reduce of the VNR diameters either (see Fig. 6b–c). The 

total charge was also reduced to 25 mC  cm−2 (sample IV) to 
limit Zn(OH)x nuclei growth, but no reduction of the VNR 
diameter was observed either. As the variation of Zn(OH)x 
electrodeposition conditions was not effective in reducing 
the VNR diameter, we opted for varying the thermal treat-
ment instead in order to control the phase transition from 
Zn(OH)x to ZnO (sample V). The heating rate of the mate-
rial was accelerated by placing the sample directly in an 
oven at 200 °C. As a result, this faster nucleation rate of 
ZnO from Zn(OH)x was effective in reducing the diameter 
to 83 nm. Therefore, we present the mechanism for seed 
layer formation and illustrate it in Fig. 6d. The deposition 
of Zn(OH)x does not determine the grain size for the seed 
layer, as it is an amorphous and unstable film [28]. Instead, 
it is the phase transition itself, essentially the ZnO nucleation 
stage from Zn(OH)x, which determines the size of the seed 
layer grains, and therefore, controls the ZVNR diameter. The 
electrodeposition of a Zn(OH)x seed layer followed by ther-
mal treatment may be preferred over other electrodeposition 
methods of ZnO seed layer, like pulsed electrodeposition 
[45], because electrodeposition of the former takes place at 
room temperature, while the latter only produces a compact 
and continuous film when performed using a solution heated 
above 60 °C [46]. The stability of graphene on the substrate 
may be compromised when applying several electrodeposi-
tion methods at high temperature, because of the increased 
energy of water molecules that may be introduced between 
graphene and glass, causing film peeling. Therefore, using a 
room temperature electrodeposition method may be advanta-
geous for seed layer deposition in certain applications where 
a shorter time of exposure to high temperature electrodeposi-
tion bath is desired.

3.4  Discussion

We have studied the experimental correlations between the 
ZVNR/G electrodeposition parameters on the performances 
of the heterostructure as an electron transport layer and sum-
marized them in Fig. 7. The ZVNR film can be made com-
pact and dense by increasing both temperature (2–3) and 
time (4), to evenly cover the graphene surface and block 
recombination losses with the electrolyte. Charge collection 
of the photoanode was improved by blocking graphene, with 
a longer electron lifetime, larger photovoltage and higher 
recombination resistance. However, the reduction of sur-
face area when the film becomes more compact limits the 
photocurrent generated because of hindered light scatter-
ing. Non-stirred conditions (5) promoted formation of longer 
truncated pyramidal ZVNRs and the use of a seed layer (6) 
reduced the ZVNR diameter. These two variables together 
resulted in a greater surface to volume ratio of ZVNR, for 
improved light scattering and higher photocurrent genera-
tion, while retaining high photovoltage, for a total ten-fold 
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improvement in power conversion. We explored the mecha-
nism of seed layer electrodeposition to further reduce the 
ZVNR diameter. We found that the final diameter of the 
ZVNR is controlled by the seed layer process and depends 
on the phase transition from Zn(OH)x to ZnO during thermal 
treatment, rather than on the electrodeposition parameters.

4  Conclusions

Pristine CVD-graphene with large domains is an attractive 
option as a transparent conductor for photoelectrochemical 
cells due to its excellent optoelectronic properties. How-
ever, the preparation of graphene heterostructures to fab-
ricate photoelectrochemical is challenging, as the smooth 
non-reactive surface of CVD-graphene delays nucleation, 

making it difficult to grow very small nanocrystals like 
ZVNRs in situ. Very small nanocrystals are desirable to 
provide large junction area with the hole acceptor that ulti-
mately determines the photocurrent generation. At the same 
time, the high catalytic activity of carbon results in electron 
recombination and power loss when it contacts the electro-
lyte or other hole acceptor material. Electrodeposition is a 
promising method for in situ growth of crystalline materials 
on graphene. We have studied the experimental correlations 
between the parameters of ZVNR electrodeposition on gra-
phene and the corresponding performances of the hetero-
structure as a photo-electrode. Increasing temperature and 
time of ZVNR film growth increase compaction and density, 
resulting in an evenly covered graphene surface. This blocks 
recombination losses with the electrolyte, which improve the 
charge collection of the photoanode. However, the reduction 

Fig. 6  a Process of electrodeposition of seed layer and ZVNRs 
growth. b Effect of seed layer deposition on the ZVNR diameter dis-
tribution and SEM imaging. Seed layer deposition variables (I) con-
trol: 50  mM Zn(NO3)2, stirred, −  1  V vs SHE, 30 mC  cm−2, slow 

heating, (II) 200 mM Zn(NO3)2, (III) − 1.1 V vs SHE, (IV) 25 mC 
 cm−2, (V) fast heating. c Average ZVNR diameter obtained for each 
variable. d Mechanism of seed layer formation which controls the 
diameter of the ZVNR.



987Journal of Applied Electrochemistry (2021) 51:977–989 

1 3

of surface area and hindered light scattering due to com-
pacting of the film limits the photocurrent generated. Non-
stirred conditions promoted formation of longer truncated 
pyramidal ZVNRs and the use of a seeding layer reduced 
the ZVNR diameter. These two variables together resulted 
in a greater surface to volume ratio of ZVNR, for improved 
light scattering and higher photocurrent generation, while 
retaining high photovoltage, for a total ten-fold improvement 
in power conversion. Controlling the seed layer deposition 
can reduce further the ZVNR diameter. The results of this 
study provide fundamental understanding for fabrication of 
hybrid ZVNR/G material by electrodeposition that can be 
used as an electron transport layer in a broad spectrum of 
photovoltaic devices, including cells sensitized with organic 
and metalorganic dyes, quantum dots, plasmonic nanoparti-
cles, perovskites, and photosynthetic biomolecules.
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