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A B S T R A C T   

Vertical graphene nanowalls (GNWs) have emerged as a highly promising architectural structure, offering a vast 
surface area teeming with active sites and expediting ion diffusion. In our relentless pursuit of bolstering their 
specific capacitance, we unveil a groundbreaking supercapacitive augmentation, incorporating defect- 
engineered ZnO nanorods (ZNRs) branching out from the GNWs. The realization of this hierarchical structure 
is achieved through a meticulous multi-step process, featuring inductively coupled plasma-chemical vapor 
deposition, magnetron sputtering, and hydrothermal synthesis. The presence of oxygen vacancy (OV) defects 
within the ZNRs, induced by argon annealing, has been characterized using X-ray photoelectron spectroscopy 
(XPS). The emergence of OV defects below the conduction band of the ZNRs results in a narrowing of the 
bandgap within the hybrid structure, thereby enhancing its conductivity and increasing the reaction sites. The 
capacity of the ZNRs/GNWs hybrid electrodes were evaluated in an aqueous KOH electrolyte solution, operating 
within a voltage range of 0.5 V and at a current density of 0.1 mA cm− 2. This assessment yielded an area 
capacitance of 21.45 mF cm− 2, signifying a 1.5-fold increase in capacitance compared to GNWs grown on 
graphite sheets. The ZNRs/GNWs hybrid demonstrates remarkable electrochemical performance and exhibits 
substantial potential for energy storage applications. Our work is expected to offer valuable insights for the 
enhancement of electrochemical properties in various composite and hybrid materials.   

1. Introduction 

Supercapacitors are considered to be the ideal energy storage devices 
to meet the growing demand for electric vehicles and wireless devices 
[1–3]. Compared with traditional batteries, supercapacitors have higher 
power density, longer cycle stability, shorter charge–discharge cycles, 
and improved coulombic efficiency. However, their use as a major en
ergy source to replace batteries has been hampered by their low energy 
density [4–6]. As a result, there has been a continuous drive towards the 
use of nanostructured materials that have improved specific capaci
tance. The majority of the research is primarily concerned with the 
development of electrode materials such as carbon, conductive polymers 
and metal oxides. Among these materials, carbon-based options such as 
activated carbon, carbon nanotubes (CNTs) and carbon aerogels have 
received considerable attention in relation to energy storage devices [7]. 

Based on their charge storage mechanism, supercapacitors are 

divided into electrochemical double layer capacitors (EDLCs) and 
pseudocapacitors. EDLCs mainly utilize carbon-based materials as 
electrodes, in which energy can be stored at the electrode/electrolyte 
interface through ion adsorption [8,9]. Activated carbon and CNTs are 
notable examples of EDLCs, thanks to their exceptional conductivity, 
large surface area and unique nanoscale effects [10,11]. In recent years, 
graphene has proven to be the most promising material for energy 
storage applications owing to its excellent electrical and thermal con
ductivity, outstanding chemical stability, superior mechanical strength 
and higher specific surface area compared to other carbon materials 
[12,13]. However, the limited theoretical capacitance of graphene re
stricts its further applications due to the disruption of graphene’s atomic 
configuration, which significantly affects its thermal, electronic and 
magnetic properties [14]. Meanwhile, the stacking of flat graphene 
sheets may have resulted in an underestimation of the specific capaci
tance of graphene. Therefore, novel approaches are required to tackle 
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physical restrictions like agglomeration which curtails porosity and 
obstructs the movement of electrolyte ions to concealed areas on the 
electrode surface. In following studies, researchers discovered that 
altering the alignment of graphene from horizontal to vertical resulted 
in a 38 % increase in capacitance at a scan rate of 100 mV s− 1, as a result 
of the greater specific surface area offered by the open upright aligned 
structure of graphene, which also allows for a more convenient diffusion 
path for ions [15–18]. Subsequently, vertical graphene nanowalls 
(GNWs) fabricated by plasma-enhanced chemical vapor deposition 
(PECVD) technique have subsequently undergone extensive investiga
tion due to their superior electrical conductivity, vast surface area, and 
three-dimensional composition, making them optimal scaffolds for 
producing supercapacitor electrodes [19–22]. On the other hand, it is 
worth noting that pseudocapacitors, which are mainly composed of 
metal oxides and polymers (e.g., RuO2 [23], V2O5 [24,25], Co3O4 
[26,27], MnO2 [28,29], NiO [30,31], and NiCo2O4 [32]), have the 
ability to store energy via fast and reversible faradaic redox reactions 
within electroactive substances. This typically results in a higher degree 
of specific capacitance compared to EDLCs [33]. However, the inclusion 
of a conducting phase, such as a carbon base, is usually required to 
improve charge transfer due to the relatively low conductivity and poor 
stability of such metal oxide materials [34]. Additionally, carbon-based 
materials demonstrate a higher charge storage capacity after the 
oxidation process, which also enhances their feasibility and stability for 
composite synthesis in both water and organic solvents [35]. The com
bination of carbon materials and particular metal oxides exhibits a 
synergistic effect, fulfilling the essential criteria for new energy storage 
devices. Composite electrodes, comprising metal oxides alongside car
bon materials, provide electroactive substances with the benefits of high 
electrical conductivity and a significant surface area. Moreover, these 
electrodes restrict volume changes that may happen during periodic 
charging and discharging of metal oxides or hydroxides [36]. Never
theless, the utilization of most metal oxides poses restrictions in terms of 
high cost and toxicity. Therefore, the production of low-cost super
capacitor electrode materials represents a significant challenge in the 
field of energy storage. Consequently, it is crucial to investigate alter
native materials that would be more suitable for supercapacitor appli
cations. ZnO is a wide bandgap semiconductor material that has 
garnered significant attention for its potential in energy conversion and 
storage applications (e.g., gas sensors [37], optoelectronics [38], and 
solar cells [39]) due to its natural availability, environmental friendli
ness, reduced cost, enhanced theoretical capacity, proper reversibility, 
and extended cycling life [40]. It has been also reported that specific 
capacitance of ZnO can be significantly increased by maintaining an 
appropriate concentration of oxygen vacancies [41]. This phenomenon 
is attributed to the increased ion conduction stemming from surface 
defects [42]. Annealing in inert atmospheres such as argon and nitrogen 
has been shown to significantly elevate the concentration of oxygen 
vacancies, resulting in enhanced kinetics for fast electron/ion transfer 
and the creation of electrochemical sites for Faradaic reactions [43,44]. 
In 2010, Lu et al. reported a maximum specific capacitance of 61.7 F/g 
for graphene-ZnO films produced via ultrasonic spray pyrolysis [45], 
while another report demonstrated a maximum specific capacitance of 
146 F/g for G-ZnO nanocomposites. To improve surface morphology 
and composite structure, Ramli et al. combined functionalized CNTs 
with graphite nanofibers (GNFs) creating CNTs/GNFs. Subsequently, 
they introduced zinc oxide nanopowders into this hierarchical structure 
through a hydrothermal method, and finally obtained CNTs/GNFs/ZnO 
ternary composites with a specific capacitance of up to 306 F/g [46]. 
Despite this success, the fabrication process for these nanostructured 
supercapacitors typically requires costly and intricate procedures. 
Additionally, further improvements are necessary to enhance their 
electrochemical performance in terms of specific capacitance and 
reproducibility. 

In this work, we demonstrate the enhanced supercapacitive perfor
mance of ZNRs anchored on GNWs hybrid electrodes grown on flexible 

graphite for the first time. The GNWs were fabricated by inductively 
coupled plasma-chemical vapor deposition (ICP-CVD), followed by a 
thin coating of ZnO seed layer using magnetron sputtering, and finally a 
hierarchical structure of ZNRs/GNWs was formed by branching ZnO 
nanorods via hydrothermal reaction. In addition, the annealing process 
in an argon (Ar) atmosphere resulted in the formation of oxygen va
cancies on the surface of metal oxides. This approach led to a substantial 
improvement in capacitance, primarily due to the synergistic interaction 
between ZNRs and GNWs. The interlacing ZNRs have facilitated the 
formation of this hierarchical structure, thus considerably enhancing the 
accessible surface area and yielding additional pathways for charge 
transport. 

2. Materials and methods 

2.1. Preparation of GNWs 

Fig. 1 displays a diagram outlining the method of producing the 
hybrid nanostructure of ZNRs/GNWs. In particular, copper serves as an 
efficient current collector during electrochemical testing, aiding in the 
precise measurement and recording of electrochemical properties of the 
hybrid material. ICP-CVD method was employed to fabricate GNWs, as 
depicted in Fig. S1, using flexible graphite sheets (Papyex) obtained 
from Mersen Graphite company with a thickness of 0.02 cm. The syn
thesis process is comprehensively detailed in previous reports [47,48]. 
Prior to conducting ICP-CVD, Papyex sheets were cut to a suitable size of 
30 mm × 40 mm × 0.2 mm. These sheets were cleaned with isopropanol 
in an ultrasonic cleaner for 5 min to completely remove organic impu
rities. After drying, Papyex was loaded into a quartz tubular reactor and 
the system was subsequently pumped down to a pressure below 3.0 ×
10− 3 Pa. Upon achieving the predetermined temperature of 750 ◦C, the 
carbon-containing precursor gas CH4 was introduced at a flow rate of 10 
sccm, and the plasma ignited at an input power of 400 W while main
taining a gas pressure of 400 mTorr within the quartz tube. After 30 min 
of growth time, both the heating controller and plasma power were 
switched off, and the CH4 flow was terminated. The system then un
derwent a natural cooling process, slowly reverting to room tempera
ture. In order to make the surface of GNWs hydrophilic, thus facilitating 
the contact with electrolytes, the GNWs grown on Papyex (GNWs/ 
Papyex) were treated in situ with O2 plasma at room temperature with 
40 W power at a pressure of 400 mTorr for 30 s. 

2.2. Synthesis of ZNRs on GNWs/Papyex 

A ZnO seed layer (~25 nm thick) was deposited onto GNWs/Papyex 
by an RF magnetron sputtering system using a ZnO target (99.9 % pu
rity, Kurt J. Lesker Company). The GNWs/Papyex substrate was placed 
in a high vacuum sputtering chamber, which was pumped down to a 
pressure of 3.0 × 10− 4 Pa. The sputtering deposition was performed at 
room temperature with an applied power of 150 W for 210 s, along with 
a constant Ar flow of 19 sccm to maintain a working pressure of 3 Pa. 
This ZnO seed layer covered the GNWs surface uniformly, facilitating 
the growth of ZNRs. Subsequently, the sample was synthesized by hy
drothermal method in a precursor solution prepared by dissolving 0.025 
M zinc nitrate hexahydrate [Zn(NO3)2⋅6H2O] and 0.025 M hexameth
ylenetetramine [(CH2)6N4, HMTA] in DI water. To fabricate ZNRs of 
different sizes, the hydrothermal process was conducted at 95 ◦C for 
duration of 1 h, 1.5 h and 2 h, respectively (labeled as ZNRs/GNWs/ 
Papyex-1 h, ZNRs/GNWs/Papyex-1.5 h and ZNRs/GNWs/Papyex-2 h). 
Finally, the as-grown samples were washed several times with DI water 
and were subsequently annealed in an Ar atmosphere at 400 ◦C for 2 h. 

2.3. Material characterization 

The morphology analysis was investigated using a field emission 
scanning electron microscope (FESEM, JEOL JSM-7001F) at 20 kV. 
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High-resolution transmission electron microscopy (HRTEM, JEOL 1010) 
was employed for examining the sample structures at 200 kV. Crystal 
structures of ZNRs/GNWs/Papyex were identified by X-ray diffraction 
measurement (XRD, PANalytical X’Pert Pro MPD) using Cu Kα radiation 
at 50 kV, in a 2θ range from 20◦ to 80◦. Raman scattering and photo
luminescence (PL) tests were conducted using a Raman spectrometer 
(HORIBA France SAS, France) with excitation wavelengths of 532 nm 
and 325 nm, respectively. Bonding information was recorded via Fourier 
Transform Infrared (FTIR) spectra using a spectrophotometer (IR Per
kinElmer Frontier/ATR diamant/detector DTGS). The wettability of 
samples was evaluated using a contact angle measurement system (KSV 
CAM200). X-ray photoelectron spectroscopy (XPS) analyses were con
ducted using a PHI 5500 Multi-Technique System (Physical Electronics, 
Chanhassen, MN, USA). This instrument employed a monochromatic X- 
ray source, specifically the Al Ka line with an energy of 1486.6 eV and a 
power output of 350 W. 

2.4. Electrochemical measurements 

The electrochemical performance of ZNRs/GNWs/Papyex hybrid 
electrodes was evaluated employing a three-electrode system at ambient 
temperature with a 3 M aqueous KOH electrolyte, using an electro
chemical workstation (GAMRY INSTRUMENTS, Interface 1010). The 
prepared sample can be used as a working electrode without prior 
treatment. The counter electrode was made of Pt, whereas the reference 
electrode was composed of Ag/AgCl (3 M KCl internal filling solution). 
Cyclic voltammetry (CV) was performed at a scan rate of 10 to 150 mV 
s− 1 over a voltage range of 0 to 0.5 V [16,18,34]. Galvanostatic charge/ 
discharge (GCD) experiments were performed at various current den
sities, spanning from 0.1 to 1.0 mA cm− 2. Electrochemical impedance 
spectroscopy (EIS) was obtained in the frequency range of 0.1 Hz to 100 
kHz with an AC amplitude of 5 mV and an open-circuit potential of 0.15 
V. The following equation was used to calculate the specific capacitance 
from the GCD curve: 

Cs =
I × t

A × ΔV
(1)  

where Cs, I, t, A and ΔV are the specific areal capacitance (F cm− 2), 
charge/discharge current (A), discharge time (s), working electrode area 
(cm− 2) and voltage drop (V) during discharge, respectively. The Cs of the 
electrode can also be calculated from the CV test plot using the formula 
below: 

Cs =
1

2v(V2 - V1)A

∫V2

V1

IdV (2)  

where v, A, I, V2 and V1 represent the scan rate (mV/s), working elec
trode area (cm− 2), current (mA), upper and lower sweeping voltage (V). 

3. Results and discussion 

FE-SEM analysis was conducted to ascertain the morphology and 
dispersion of ZNRs within the GNWs matrix. Fig. 2 shows typical FESEM 
image of the top view of all four samples and the EDS mapping test of 
ZNRs/GNWs/Papyex-2 h. In this study, the GNWs are uniformly 
distributed on the substrate with well-defined edges and nanometer- 
scale thickness. Fig. 2a illustrates the interleaved structure of the 
GNWs, which leads to a significant number of cavities ranging from tens 
to hundreds of nanometers. The interconnected GNWs generally form a 
three-dimensional network with an open macroscopic structure on the 
substrate. To investigate the ideal growth duration of GNWs, Fig. S2a–d 
exhibit the surface morphology of GNWs after various growth times (5, 
10, 20, and 30 min). Using these morphology maps, Fig. S2e and Fig. S2f 
estimate the length and density distributions of GNWs, corresponding to 
their growth duration. The longest GNWs, approximately 700 nm, are 
observed at 30 min of growth. The density of GNWs tends to increase 
with time, reaching saturation density after 30 min. Consequently, 
GNWs synthesized for 30 min exhibit a larger surface area, enhancing 
contact area with the electrolyte in electrochemical experiments. 
Fig. S2g presents a standard FESEM image of a cross-section of GNWs, 
revealing self-aligned, upright nanowalls around 1 µm in height. 

The broad cavities offer ample room for the deposition of other 
materials close to GNWs. Fig. 2b–d depict morphological changes of 
ZNRs anchored on GNWs at various growth periods. The length of ZNRs 
on GNWs can be regulated by the hydrothermal process reaction time. 
Fig. 2b shows that the ZNRs/GNWs/Papyex-1 h is in the growth stage 
without a distinct rod structure. As the hydrothermal reaction time ex
tends, Fig. 2c displays nanorod-like structures for ZNRs/GNWs/Papyex- 
1.5 h. In Fig. 2d, ZNRs conformally cover the top edge and part of the 
graphene sidewalls, forming highly spiky nanowall hybrid structures 
with a greater surface area for diverse interface applications, measuring 
approximately 250 nm in length and 50 nm in diameter (see side view in 
Fig. S2h). 

Fig. 1. Schematic illustration of the fabrication of hierarchical structure of ZNRs anchored on GNWs and the electrochemical test based on it.  
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Energy dispersive X-ray spectroscopy (EDS) technique was con
ducted to examine the chemical composition of the hybrid structure 
ZNRs/GNWs/Papyex-2 h, as shown in Fig. 2e. The selected rectangular 
frame, as illustrated in Fig. 2f, was employed for the acquisition of 
corresponding elemental mappings, which are depicted in Fig. 2g. In line 

with expectations, the spectrum confirms the presence of zinc and car
bon, along with elemental oxygen. It is believed that ZnO nanocrystals 
primarily contribute to the oxygen presence, as the oxygen-containing 
functional groups associated with the GNWs are expected to be 
removed during the argon annealing process conducted at high 

Fig. 2. Typical top-view of (a) GNWs/Papyex, (b) ZNRs/GNWs/Papyex-1 h, (c) ZNRs/GNWs/Papyex-1.5 h and (d) ZNRs/GNWs/Papyex-2 h with size marking, (e) 
EDS spectroscopy of ZNRs/GNWs/Papyex-2 h confirming of ZnO on GNWs, and elemental mapping of (g) the carbon, oxygen and zinc on the ZNRs/GNWs/Papyex-2 
h sample within (f) a rectangular frame. 
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temperatures. On the other hand, numerous research groups have 
observed the creation of OV defects in ZNRs when subjected to high- 
temperature annealing, including at ambient surroundings [49,50]. 
This is due to the low formation energy of oxygen vacancies in ZnO, 
leading to a slight oxygen deficiency in normally grown ZnO [51,52]. 
Moreover, higher temperature annealing within a deprived atmosphere 
of oxygen causes the elimination of lattice oxygen towards the inter
stitial site, ultimately creating an oxygen vacancy in accordance with the 
ensuing deficiency equilibrium: 

ZnO→VO + Zn +
1
2

O2 (3)  

1
2

O2 →Δ Oint →Δ O2(g) (4)  

where VO represents the lattice oxygen vacancy, Zn represents lattice Zn 
and Oint represents interstitial oxygen. As the annealing temperature is 
further increased, the interstitial oxygen becomes unstable and diffuses 
out of the nanocrystals as a gas phase, as shown in Eq. (4). Therefore, the 
high-temperature Ar annealing process can lead to considerable OV 
defects in ZnO nanocrystals, significantly impacting their electro
chemical properties. To demonstrate the formation of these structures 
on the entire substrate, Fig. S3a–c display the SEM images of GNWs/ 
Papyex at low magnification. The figures demonstrate that the GNWs 
cover the entire Papyex substrate, indicating excellent coverage and 
consistency. Additionally, Fig. S3d–f exhibit the low-magnification 
surface morphologies of ZNRs/GNWs/Papyex-2 h composites. The 
spiny ZNRs were uniformly grown on the surface of the GNWs by the 
hydrothermal method without stacking, which significantly increased 
the surface area of the ZNRs. Moreover, Fig. S3g–i show the physical 
images of Papyex substrate, GNWs/Papyex, and ZnO/GNWs/Papyex-2 h 
hybrids, respectively. The homogeneously distributed colors on the 
surface of GNWs/Papyex and ZnO/GNWs/Papyex hybrids confirm the 
formation of large-area vertical GNWs and ZNRs structures. 

Fig. 3 presents the comparison of the XRD patterns of GNWs/Papyex, 
ZNRs/GNWs/Papyex-1 h, ZNRs/GNWs/Papyex-1.5 h, and ZNRs/ 
GNWs/Papyex-2 h. 

A reflection is present near 26.31◦ (002) for all samples, indicating 
the presence of graphitic carbon with a hexagonal structure (JCPDS: 
00–001-0640). The 2θ peaks at 34.5◦ and 36.3◦ correspond to the (002) 
and (101) crystal planes of ZnO, respectively, in accordance with JCPDS 
card no. 00–036-1451. The ratio of peak heights between (002) and 
(101) increased as the growth time progressed, indicating that the ZNRs 

exhibit c-axis orientation near-perpendicular to the GNWs. The XRD 
results demonstrate polycrystallinity in the ZNRs, indicating the pres
ence of multiple crystal orientations or grains. Each grain may possess its 
own crystal orientation, resulting in an overall XRD pattern. FTIR 
measurements were used to provide valuable information regarding the 
molecular composition, structure and bonding characteristics of hybrid 
samples, represented in Fig. S4. The GNWs/Papyex composite displayed 
no distinctive band of wurtzite ZnO in the range of 450 to 550 cm− 1. 
However, in the remaining hybrid materials (ZNRs/GNWs/Papyex), 
evident broad bands are observed in this specific range. The peak at 497 
cm− 1 represents the Zn-O stretching vibration of hexagonal ZnO. This 
peak is the most intense in the case of ZNRs/GNWs/Papyex-2 h, in 
comparison to ZNRs/GNWs/Papyex-1 h and ZNRs/GNWs/Papyex-1.5 h. 
The increased crystalline size in ZNRs/GNWs/Papyex-2 h, attributed to 
prolonged growth time, is the reason for the increase of Zn–O bonds. 

Raman spectroscopy serves as a valuable tool for the assessment of 
graphene quality and the characterization of well-organized ZNRs 
within the composite nanostructure. The first- and second- order Raman 
spectroscopy of the carbon material shows strong peaks at around 1582 
cm− 1 (G band) and approximately 1350 cm− 1 (D band), associated with 
C–C stretching mode and diverse lattice defects [53,54], respectively. 
Furthermore, the emergence of the 2D band at 2700 cm− 1 signifies a 
second-order process derived from the D mode. Fig. 4a illustrates the 
Raman spectra acquired from GNWs/Papyex, ZNRs/GNWs/Papyex-1 h, 
ZNRs/GNWs/Papyex-1.5 h, and ZNRs/GNWs/Papyex-2 h using a 532 
nm laser. All the samples exhibit characteristic D, G, and 2D peaks that 
typify the graphite structure. The elevated D peaks observed in these 
four samples are associated to disorder stemming from a considerable 
amount of graphene edge, sp3-bonded C–H species, and the presence of 
amorphous carbon. Detailed Raman spectral parameters for all samples 
were extracted from Fig. 4a and summarized in Table 1. The ID/IG in
tensity ratio in Raman spectroscopy is a common indicator of defects in 
graphene [55]. According to Table 1, the ID/IG values of the three ZNRs/ 
GNWs/Papyex hybrids are lower than that of the GNWs/Papyex, 
implying a lower presence of defects in GNWs. This observation may be 
ascribed to the influence of heat treatment in an oxygen-depleted at
mosphere, which mitigates structural defects in both GNWs and ZnO 
while augmenting the electrical transport properties of ZNRs [41]. The 
comparable ID/IG values within the ZNRs/GNWs/Papyex hybrids pro
vide evidence that the growth process of ZNRs does not harm the 
structure of GNWs. Additionally, an estimation of the number of gra
phene layers in GNWs can be determined by the ratio of peak intensities 
between the 2D and G peaks (I2D/IG) and full width at half maximum of 
2D band (FWHM2D). As tabulated in Table 1, the low I2D/IG values across 
all samples corroborate the presence of multiple four or five graphene 
layers within the GNWs [56]. 

Raman scattering reaches its maximum efficiency when the incident 
laser wavelength is aligned with the electronic or vibrational transitions 
in the material. However, when using a 532 nm laser (green spectrum), 
there may be limits to its resonance with prominent vibrational modes 
within the ZNRs, resulting in reduced intensity or absence of Raman 
scattering signals, as shown in Fig. 4a. In the context of ZnO, the optimal 
excitation wavelength typically lies around 325 nm, where the material 
displays a pronounced resonance phenomenon with its optical phonon 
mode. Fig. 4b illustrates the Raman spectra of GNWs/Papyex, ZNRs/ 
GNWs/Papyex-1 h, ZNRs/GNWs/Papyex-1.5 h, and ZNRs/GNWs/Pap
yex-2 h. These spectra were obtained utilizing a 325 nm laser source, 
covering the spectral range from 350 to 1300 cm− 1. A significant peak at 
approximately 439 cm− 1 is present in all spectra (except for GNWs/ 
Papyex), which serves as a clear indicator of the characteristic Raman 
mode E2(H) associated with ZnO, representing the vibrational oscilla
tions of oxygen atoms within the ZNRs. To eliminate the influence of 
background noise, we increased the power of the incident light during 
the Raman test as the intensity of the E2(H) peak was very weak. The 
corresponding enhanced Raman spectra of GNWs/Papyex and ZNRs/ 
GNWs/Papyex-2 h can be found in Fig. S5. The Raman mode E2(H) Fig. 3. XRD spectra of GNWs/Papyex and ZNRs/GNWs/Papyex hybrids.  
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associated with ZnO, representing the oxygen atoms in the ZNR, is 
clearly indicated by the significant peak at approximately 439 cm− 1 in 
ZNRs/GNWs/Papyex-2 h. However, this peak is not present in GNWs/ 
Papyex, as they do not contain ZnO. The Raman modes observed at 
approximately 577 cm− 1 can be confidently attributed to the E1(LO) 
fundamental phonon modes inherent to the hexagonal wurtzite crystal 
structure of ZnO. The E1(LO) mode arises from the displacement of the 
Zn sublattice with respect to the oxygen sublattice, resulting in a net 

oscillatory polarization that generates a long-range electrostatic field. 
This phenomenon in turn leads to the splitting of the polar modes (E1 
and A1) [57]. In particular, the occurrence of the E1(LO) mode is closely 
related to the presence of oxygen vacancies and interstitial Zn [58,59]. 
The broad peak at around 1149 cm− 1 is marked as 2LO mode in the high 
frequency region, which originates from a second-order Raman scat
tering process involving longitudinal optical (LO) phonons [59]. The 
Raman analyses suggest the occurrence of oxygen vacancies in the Ar- 
annealed ZNRs, a finding that is consistent with the following XPS 
measurements. PL spectra were obtained at room temperature for 
different samples of GNWs/Papyex, ZNRs/GNWs/Papyex-1 h, ZNRs/ 
GNWs/Papyex-1.5 h, and ZNRs/GNWs/Papyex-2 h, using a UV laser 
with an excitation wavelength of 325 nm, as depicted in Fig. S6. In the 
hybrid structures of ZNRs/GNWs/Papyex, distinctive peaks could be 
prominently observed in the UV, visible, and near-infrared spectral re
gions. Notably, the GNWs/Papyex sample did not display any lumines
cent peaks. A prominent luminescent band, covering wavelengths from 
360 to 420 nm, was determined to be the result of near band-edge 
emission produced by the combination of excitons that occur through 
electron and hole recombination via collision processes. The broad and 
weak visible emission band (see the inset of Fig. S6), ranging from 450- 
700 nm, primarily stems from electron-hole recombination events from 
intrinsic point defects and surface defects, such as OV defects, formed at 
deep levels (DL) within the band gap of ZnO [60,61]. Furthermore, the 
discernible peak detected in the infrared (IR) range (710–820 nm) is 
thought to be linked to the reduced crystal quality of ZnO nanorods. This 
aligns with previously published PL results concerning composites of 
ZnO and carbon nanoparticles [62]. 

The intricate nanostructure of the hybrid samples underwent further 
characterization via TEM. In Fig. 5a, a low-magnification TEM image of 
ZNRs/GNWs/Papyex-2 h reveals a conspicuous attachment of a single 
ZNR to the GNWs. The nanorods exhibit average length and width di
mensions of approximately 250 and 50 nm, respectively. Fig. 5b presents 
a HRTEM image, where the blue oval region distinctly demonstrates the 
connection between the ZNR and the GNWs. Simultaneously, the lattice 
structure obtained by Fast Fourier Transform (FFT) processing of the 
black selected region in the HRTEM image, as depicted in Fig. 5c and 5f, 
elucidates the formation of crystalline carbon and ZnO nanocrystals in 
the proper phase. Fig. 5d and 5 g depict the inverse FFT patterns, which 
unveil the atomic planes within the (002) growth direction of graphitic 
carbon and crystalline ZnO in ZNRs/GNWs/Papyex-2 h. The strategy 
chosen for analyzing the crystal structure and potential defects of indi
vidual ZNRs is to examine the (002) facet in the TEM. The (002) plane 
from the ZNR length part in Fig. 5b is perpendicular to the growth axis of 
the nanorod and provides information on the crystallographic orienta
tion of the nanorod along its length. The crystal plane discussed is 
particularly sensitive to stacking faults and defects, which makes it a 
valuable source of information for understanding the structural char
acteristics of the nanorods. These patterns reveal that the interplanar 
spacing of carbon and ZnO surface stripes is approximately 0.26 nm and 
0.34 nm, respectively. Furthermore, Fig. 5e and 5h provide line profiles 
for carbon and ZnO, respectively, wherein it is discernible that the cu
mulative length of 5 crystal planes (002) spacing of carbon measures 
about 1.705 nm, while the 10 crystal planes (002) spacing of ZnO are 
approximately 2.591 nm. These values enable the calculation of indi
vidual interplanar spacings for carbon and ZnO, which align with the 
results illustrated in Fig. 5d and 5 g. EDS measurements were employed 
for the chemical composition analysis of the as-prepared samples, as 
illustrated in Fig. S7a. In this analysis, the presence of ZnO in ZNRs/ 
GNWs/Papyex-2 h was confirmed through the detection of elemental 
peaks corresponding to Zn and O. Additionally, the carbon signal orig
inated from both the GNWs and the carbon coating film on TEM copper 
grid. A specific region, highlighted in Fig. S7b, was selected to generate 
the corresponding elemental map, as presented in Fig. S7c. Notably, the 
mapping density of carbon was found to be higher on the left side of the 
selected area compared to the right side. This disparity can be attributed 

Fig. 4. Comparison of the Raman spectra for GNWs/Papyex, ZNRs/GNWs/ 
Papyex-1 h, ZNRs/GNWs/Papyex-1.5 h, and ZNRs/GNWs/Papyex-2 h using 
532 nm (a) and 325 nm (b) solid-state lasers, respectively. 

Table 1 
Summary of the Raman spectral parameters of all the samples.  

Sample ωD ωG ω2D ID/ 
IG 

I2D/ 
IG 

FWHM2D 

(cm− 1) (cm− 1) (cm− 1) (cm− 1) 

GNWs/Papyex  1351.21  1586.69  2700.00  1.16  0.53  62.14 
ZNRs/GNWs/ 

Papyex-1 h  
1354.40  1585.14  2701.09  0.97  0.49  66.19 

ZNRs/GNWs/ 
Papyex-1.5 h  

1354.40  1583.60  2703.79  0.95  0.47  63.44 

ZNRs/GNWs/ 
Papyex-2 h  

1349.62  1582.05  2702.44  0.94  0.51  64.81  
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to the presence of both GNWs and carbon coatings film on the left side, 
whereas only the carbon coating film was present on the right side of the 
region. HRTEM and elemental analysis outcomes clearly demonstrate 
the presence of Zn and C elements within ZNRs, establishing a clear 
attachment of ZNRs to GNWs. 

To investigate the necessity and effectiveness of the ZnO seed layer in 
the subsequent hydrothermal growth of ZNRs, Fig. S8a presents the 
surface morphology of the ZnO seed layer on the GNWs by magnetron 
sputtering. The coating is well-defined and uniform, which is essential 
for the subsequent uniform growth of the ZNRs. The EDS spectrum 
shown in Fig. S8b confirms the presence of Zn, C, and O elements, 
providing evidence of the successful deposition of the ZnO seed layer on 
the GNWs. This step is essential for the synthesis process as it guarantees 
the appropriate chemical composition for hydrothermal growth. The 
contrast between the physical view of GNWs without the ZnO seed layer 
after the hydrothermal reaction (Fig. S8c) and the SEM image of GNWs 
without the seed layer (Fig. S8d) clearly demonstrates the absence of 
ZNRs. The ZnO seed layer plays a vital role in directing the growth of 
ZNRs on GNWs. 

The hybrids (ZNRs/GNWs/Papyex-1 h, − 1.5 h, –2h), as well as the 
control samples of GNWs/Papyex, were subjected to XPS analysis. This 
analytical procedure aimed to ascertain the oxidative state of these 
materials and assess the existence of OV defects following heat treat
ment within an Ar atmosphere. Fig. 6a illustrates the XPS survey spectra 
of ZNRs/GNWs/Papyex hybrids, revealing discernible peaks attributed 
to Zn, O, and C. The presence of GNWs is indicated by the C peak. 
Notably, the binding energies associated with Zn 2p and O 1s correspond 
to the XPS core levels of the matrix elements within the ZnO wurtzite 
structure. To delve into the bonding characteristics in greater detail, 
Fig. 6b and 6c display XPS spectra for the Zn 2p and O 1s core levels. 
Deconvolution of the O 1s spectra for the ZNRs/GNWs/Papyex hybrids 
reveals three distinct peaks situated at approximately 530.60, 531.65, 
and 532.75 eV. This asymmetry in the O 1s curve signifies variations in 

the oxidation state of oxygen [63]. The predominant peak at 530.60 eV 
is attributed to lattice oxygen (OL) within the hexagonal Zn–O bonds of 
the wurtzite structure [64]. Meanwhile, the intermediate-binding- 
energy peak (OV) at 531.65 eV primarily corresponds to oxygen va
cancy defects associated with O− 2 ions within regions of oxygen defi
ciency in the ZNRs matrix [65,66]. This is because an oxygen vacancy 
constitutes a crystallographic defect characterized by the absence of an 
oxygen atom, leading to a localized positive charge from the missing 
anion. This defect alters the electrostatic environment for adjacent ox
ygen atoms, exposing them to an intensified electric field from Zn cat
ions and thus increasing the effective nuclear charge affecting the core 
electrons of these oxygens. Consequently, a noticeable increase in the 
binding energy for the O 1s electrons is observed, evidenced by a shift in 
the XPS spectrum, with the OV peak observed at approximately 531.65 
eV surpassing the typical binding energy range for fully coordinated 
oxygen in ZnO (about 530.60 eV). This higher binding energy peak is 
indicative of oxygen atoms in a lattice with reduced oxygen coordina
tion, aligning with the recognized presence of oxygen vacancies. The 
high-binding-energy peak at around 532.75 eV is predominantly linked 
to the presence of weakly bound oxygen on the ZNRs surface, specif
ically in the form of chemisorbed or dissociated oxygen (OC) and other 
oxygen-containing species [66,67]. In summary, the deconvolution of 
the O 1s spectra reveals two key features: firstly, the presence of Zn–O 
bonds, indicated by the primary OL peak, and secondly, structural dis
order at the surface in the form of oxygen vacancies. These vacancies 
may introduce localized defective states within the bandgap, thereby 
narrowing the bandgap of the ZNRs and ultimately enhancing their 
electrical conductivity. Conversely, the Zn 2p core level, as depicted in 
Fig. 6c, was fitted with a doublet situated at approximately 1045.05 eV 
and 1022.05 eV, corresponding to the 2p1/2 and 2p3/2 states. Notably, 
the disparity in binding energy between Zn 2p1/2 and Zn 2p3/2 is 23 eV, 
and their intensity ratio stands at 1:2, aligning with the established 
reference for ZnO [68]. Actually, the binding energies of the Zn 2p peaks 

Fig. 5. (a) Low-magnification TEM images, (b) HRTEM images of singer ZNR attached to GNWs, corresponding FFT patterns of the (c) GNWs and (f) ZNR, rep
resenting the crystalline (d) carbon C (002) and (g) ZNR (002) planes, showing (e) carbon and (h) ZNR line profiles of ZNRs/GNWs/Papyex-2 h, respectively. 

Fig. 6. (a) XPS spectra of ZNRs/GNWs/Papyex hybrids and their enlarge spectrum of (b) O1s and (c) Zn2p.  
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and their energy differential signify the chemical valence of Zn at the 
surface of the nanorods, revealing a + 2-oxidation state. Moreover, XPS 
survey spectra of GNWs/Papyex are presented at Fig. S9a, demon
strating the presence of both C and O elements within the GNWs. 
Simultaneously, Fig. S9b delineates the decomposition of the C 1s XPS 
spectra of GNWs/Papyex into five Gaussian components, each corre
sponding to specific chemical bonds: C––C sp2 (~283.95 eV), C–C 
(~284.55 eV), C–O (~285.95 eV), C––O (~287.55 eV), and O––C–O 
(~290.35 eV). These components are well-documented as integral 
constituents of the GNWs compounds [69]. 

To prevent the oxygen-containing functional groups in the GNW 
from affecting the composite capacitance, we analyzed the oxygen 
content in the GNW after oxygen plasma treatment using an EDS test. 
The SEM image of the GNW after oxygen plasma treatment is shown in 
Fig. S10a, with subsequent EDS test points selected at Points 1 and 2. 
The EDS spectra (Spectrum 1 and Spectrum 2) of Point 1 and Point 2 are 
shown in Figs. S10b and S10c, respectively. The analysis displays that 
the oxygen content in the plasma-treated GNW is minimal. This suggests 
that the O2 plasma treatment did not significantly alter the overall 
composition of the graphene material, despite adding oxygen- 
containing functional groups to the GNW. Table S1 displays the 
atomic and weight percentages of the elements C and O in the EDS 
spectra. The EDS data indicate that the O2 content in the plasma-treated 
GNW is minimal, with only 0.20 atom % and 0.26 wt% in Spectrum 1, 
and even lower, at 0.15 atom % and 0.20 wt% in Spectrum 2. The 
quantitative evidence indicates that O2 plasma treatment introduces 
oxygen-containing functional groups to GNW. However, the overall 
oxygen incorporation is quite negligible. Although these oxygen groups 
can generate pseudocapacitance via the Faraday reaction, their low 
concentration implies that their contribution to the total capacitance is 
relatively insignificant. The pseudocapacitance in composites may pri
marily originate from OV defect sites within the ZnO structure. 

Prior to commencing electrochemical assessments, it is important to 
establish that GNWs exhibit favorable hydrophilic properties. This 
characteristic facilitates optimal interaction with the electrolyte, 
thereby yielding desirable electrochemical performance. Additionally, it 
ensures effective adhesion of ZNRs to the GNWs during subsequent 
hydrothermal processes. Specifically, following the synthesis of GNWs 
on the Papyex substrate, an O2 plasma treatment is administered to 
enhance the surface wettability of GNWs. Fig. S11a illustrates the GNWs 
prior to oxygen plasma treatment, where the water droplets deposited 
on the GNWs surface exhibit an approximately 90◦ contact angle with 
the base plane, indicative of poor hydrophilic properties. In contrast, 
Fig. S11b depicts the sample post-oxygen plasma treatment, manifesting 
a significantly reduced contact angle with water droplets (approxi
mately 11.3◦). This observation highlights the significant increase in 
hydrophilicity imparted to the GNWs by the O2 plasma treatment, 
demonstrating its effectiveness as a technology for improving the hy
drophilicity of material surfaces. 

The structural integrity of GNWs is not compromised by O2 plasma 
treatment. To confirm this, we conducted a comprehensive analysis with 
and without plasma treatment. Figs. S12a and S12b display the FESEM 
images of the GNWs treated with no-oxygen plasma. Compared with the 
GNWs treated with O2 plasma (as shown in Fig. 2a), the surface 
morphology of the GNWs is smooth and homogeneous, and both are 
highly similar and structurally intact. No holes were detected on the 
GNW surfaces before or after plasma treatment. To assess whether the 
O2 plasma treatment introduces additional defects to the GNWs, we 
analyzed the Raman spectra of three distinct regions of the GNWs 
without O2 plasma treatment, as illustrated in Fig. S12c. The ID/IG in
tensity ratio in Raman spectra is a widely used indicator of graphene 
defects. In the three selected regions (GNWs/Papyex-1, GNWs/Papyex- 
2, and GNWs/Papyex-3), the ID/IG intensity ratios are all approxi
mately 1.1. This is similar to the ID/IG intensity ratio of 1.16 for GNWs 
treated with O2 plasma (refer to Table 1). Therefore, the O2 plasma 
treatment has little effect on the defects of GNWs. Although GNWs 

theoretically have good double capacitance properties, in practice, these 
properties are only fully demonstrated when GNWs have high hydro
philicity, allowing for full contact between the active material and the 
aqueous electrolyte. The improvement of wettability promotes ions to 
enter the surface of the electrodes more efficiently, expanding the con
tact area between the electrolyte and the GNWs. In turn, this enhances 
the specific capacitance of the GNWs. Fig. S12d displays the actual 
GNWs sample treated with oxygen-free plasma. The hydrophobicity of 
the GNWs is evident as the electrolyte only remains at the top edge and 
cannot penetrate the three-dimensional mesh structure. This non-full 
contact limits the utilization of the large surface area of GNWs, ulti
mately restricting the capacitance of the GNWs. 

It is conventionally posited that thermal treatment conducted within 
an oxygen-depleted environment engenders a reduction in the structural 
defects exhibited by GNWs and ZNRs, concomitant with an enhance
ment of the electrical transport properties inherent to ZNRs. This 
improvement in electrical transport exerts a profound influence on the 
electrochemical characteristics of these materials. Consequently, our 
research systematically examined the GCD and CV profiles of GNWs/ 
Papyex, ZNRs/GNWs/Papyex-1 h, ZNRs/GNWs/Papyex-1.5 h, and 
ZNRs/GNWs/Papyex-2 h, with the application of a 3 M KOH electrolyte. 
The 3 M KOH electrolyte provides sufficient ionic conductivity for effi
cient electrochemical reactions while maintaining a controlled experi
mental environment. More importantly, it can provide suitable Faraday 
reaction rates for redox as well as keep good compatibility with ZNRs 
during redox reactions. To demonstrate the enhanced electrochemical 
properties of the ZNRs/GNWs hybrid electrode, Fig. 7a depicts the GCD 
curves of these configurations at a current density of 0.1 mA cm− 2. 
Notably, the GCD profile of ZNRs/GNWs/Papyex-2 h deviates from the 
typical triangular shape, indicating the coexistence of electric double 
layer capacitance and pseudocapacitance processes. Furthermore, the 
ZNRs/GNWs/Papyex-2 h hybrid electrode displays a prolonged charge 
and discharge duration compared to the other electrodes. In Fig. 7b and 
S13, CV curves for GNWs/Papyex, ZNRs/GNWs/Papyex-1 h, ZNRs/ 
GNWs/Papyex-1.5 h, and ZNRs/GNWs/Papyex-2 h hybrids are pre
sented at various scan rates. The lack of symmetry in the electrode 
curves likely arises from the combination of electric double layer 
capacitance and pseudocapacitance, both contributing to the overall 
capacitance, consistent with observations from the GCD curve. At a scan 
rate of 10 mV s− 1, the changes in current between the CV curves are 
subtle, and the differences in capacitance between hybrid samples may 
not be immediately apparent. To address this, the Eq. (2) is used to 
calculate the capacitance of GNWs/Papyex, ZNRs/GNWs/Papyex-1 h, 
ZNRs/GNWs/Papyex-1.5 h, and ZNRs/ GNWs/Papyex-2 h, which were 
found to be 10.98, 12.61, 15.24, and 18.62 mF cm− 2, respectively. These 
values suggest that the energy storage behavior of the ZNRs/GNWs/ 
Papyex-2 h material is superior to that of the other three samples. This 
could be attributed to the increase in Faraday active sites resulting from 
a longer hydrothermal growth time. It is important to note that small 
variations in current may be obscured by the scaling and overlapping of 
the CV curves. However, upon calculating the capacitance values of the 
composites, it is evident that even small differences in current between 
the samples are not negligible and have a significant impact on the 
electrochemical capacitance of the hybrid electrodes. Fig. 7c presents a 
comparison of the specific capacitance calculated from GCD curves for 
all tested samples at different current densities. The delivered capaci
tances for GNWs/Papyex, ZNRs/GNWs/Papyex-1 h, ZNRs/GNWs/Pap
yex-1.5 h are 14.48, 17.48 and 19.91 mF cm− 2 respectively, at a current 
density of 0.1 mA cm− 2. Remarkably, the ZNRs/GNWs/Papyex-2 h 
hybrid electrode exhibits the highest capacitance, reaching an impres
sive value of 21.45 mF cm− 2, which is 1.5 times greater than that of 
GNWs/Papyex. The decline in discharge capacitance shows a consistent 
pattern as the current density increases. This trend could potentially be 
attributed to the limited ion penetration at the entrances of the nano
pores, a consequence of rapid potential changes. The GCD curves of 
these 4 samples at various current densities are illustrated in Fig. S14. 
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Fig. 7. (a) GCD curves of GNWs/Papyex, ZNRs/GNWs/Papyex-1 h, ZNRs/GNWs/Papyex-1.5 h, and ZNRs/GNWs/Papyex-2 h at the current density of 0.1 mA cm− 2, 
(b) CV curves of GNWs/Papyex, ZNRs/GNWs/Papyex-1 h, ZNRs/GNWs/Papyex-1.5 h, and ZNRs/GNWs/Papyex-2 h at a scan rate of 10 mV s− 1, (c) specific areal 
capacitances of all the samples at various current densities calculated from discharge curves, (d) log(i) versus log(v) plots of the current peaks at different scan rates, 
(e) diffusion contribution, (f) the normalized diffusion contribution proportion at each scan rate, and (g) Coulombic efficiency during constant current charge and 
discharge at various current densities for different electrodes. 
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The improved performance of the ZNRs/GNWs/Papyex-2 h hybrid can 
be explained as follows based on these results:  

(i) GNWs typically assemble into a three-dimensional network, 
exhibiting an expansive open macroscopic configuration on the 
substrate. The generous void spaces within this framework pro
vide abundant deposition sites for the incorporation of ZNRs 
(spiky nanorod structures) onto the GNWs. As a consequence, the 
hierarchical structure of ZNRs/GNWs, inherits the open and 
porous structure attributes characteristic of the GNWs. This 
configuration is marked by reduced inter-nanowall distances and 
an augmented effective surface area. The increase in the effective 
surface area results in a larger interface for interaction with the 
electrolyte, consequently enhancing the specific capacitance.  

(ii) This enhancement can be attributed to the capacitance generated 
through a synergistic interplay between the bilayer behavior of 
the highly conductive GNWs and the pseudocapacitance associ
ated with the ZNRs.  

(iii) The extended growth duration of the ZNRs and subsequent high- 
temperature annealing in an Ar atmosphere result in the creation 
of a substantial number of OV defects within the ZNRs, thereby 
providing abundant reaction sites. Simultaneously, the conduc
tivity of ZNRs is significantly amplified, leading to an improved 
carrier transport mechanism during the charging and discharging 
processes. 

The investigation of response dynamics, involving the comparison of 
peak current (i) and scan rate (ν), was carried out through examination 
of the following equations: 

i = avb (5)  

log(i) = log(a) + b log(v) (6) 

where a and b are both constants. Typically, the parameter b, varying 
within the range of 0.5 to 1.0, serves as a significant factor for assessing 
the charge storage mechanism. It can be ascertained by examining the 
slope of the log(i) versus log(v) plot. The contribution of capacitance in a 
semi-infinite liner is characterized as diffusion-controlled when b con
verges to 0.5, and surface-controlled when b approaches 1.0 [70,71]. 
Especially, the b values for the cathodic and anodic peaks observed in 
the context of the ZNRs/GNWs/Papyex-2 h electrode were determined 
to be 0.68 and 0.57, respectively (as shown in Fig. 7d). This finding 
suggests that the behavior of hybrid electrode is predominantly gov
erned by a diffusion process. Moreover, the following equation can be 
employed to quantify the contribution rates of both capacitance and 
diffusion behavior. 

i(v) = k1v + k2v0.5 (7) 

where k1 and k2 represent constants associated with capacitive and 
diffusion-controlled processes, respectively [72,73]. By calculating the 
values of k1 and k2, it becomes possible to discern the contributions of 
the diffusion-controlled and capacitive processes at a specific potential. 
Fig. 7e presents the response curve depicting the relationship between 
voltage and diffusion current (illustrated by the orange area) and the CV 
curve for the ZNRs/GNWs/Papyex-2 h at a scan rate of 10 mV s− 1. The 
diffusion capacitance contribution is observed to be 67.5 % at this scan 
rate. The evaluation of diffusion contribution within the context of 
ZNRs/GNWs/Papyex-2 h is attained by differentiating the energy stor
age modes at different scan rates, illustrated in Fig. 7f. Specifically, at a 
scan rate of 10 mV s− 1, the diffusion contribution constitutes 67.5 % of 
the total, signifying the prevalence of a diffusion-controlled energy 
storage mechanism. Conversely, at a higher scan rate of 50 mV s− 1, the 
diffusion contribution decreases to 45.2 %, indicating the predominance 
of capacitive behavior. This reduction in diffusion control mechanism’s 
contribution with increasing scanning speed is attributed to the fact that 

at higher scan rates, the rate at which K+ and OH− ions become incor
porated or disengaged cannot match the rapid scanning rate, leading to a 
restricted diffusion-controlled process. It should be clarified that 
although the double layer capacitance and the Faraday pseudocapaci
tance contribute differently to the total capacitance at different scan 
rates, both forms of capacitance are essential to the electrochemical 
performance of hybrid composites. The double layer capacitance is 
enhanced by the high specific surface area and electronic conductivity of 
the GNWs, while the Faraday pseudocapacitance is enhanced by the OV 
defect sites of the ZNRs. On the other hand, Figs. S15a and S15b present 
the b-values for ZNRs/GNWs/Papyex-1.5 h and ZNRs/GNWs/Papyex-1 
h, respectively. Notably, these b-values fall within the range of 0.5–1, 
indicating that the total capacitance of both electrodes results from the 
combined contribution of surface and diffusion capacitances. When the 
scanning rate is set at 10 mV s− 1, the CV curves representing the 
diffusion-controlled contributions of ZNRs/GNWs/Papyex-1.5 h and 
ZNRs/GNWs/Papyex-1 h are displayed in Figs. S15c and S15d, revealing 
diffusion-controlled percentages of 64.3 % and 61.7 %, respectively. 
These percentages are slightly lower than the diffusion control contri
bution of ZNRs/GNWs/Papyex-2 h electrodes, which exhibits a diffusion 
control percentage of 67.5 %. Furthermore, Fig. S15e and S15f illustrate 
the trends in diffusion control occupancy for ZNRs/GNWs/Papyex-1.5 h 
and ZNRs/GNWs/Papyex-1 h, respectively, at each scan rate. A com
parison with the diffusion control percentage of ZNRs/GNWs/Papyex-2 
h electrodes indicates that, at the same scan rate, the ZNRs/GNWs/ 
Papyex-2 h electrodes exhibit the highest diffusion control contribution, 
the ZNRs/GNWs/Papyex-1.5 h electrodes rank second in terms of 
diffusion control percentage, and the ZNRs/GNWs/Papyex-1 h elec
trodes exhibit the lowest diffusion control percentage. This outcome can 
be attributed to the extended growth time of the ZNRs, resulting in a 
larger contact area between the ZNRs/GNWs hybrid electrode and the 
electrolyte. This enlarged contact area offers more available sites for the 
Faraday reaction due to the increased oxygen vacancies, ultimately 
leading to a higher pseudo-capacitance contribution. Fig. 7g displays the 
coulombic efficiency of GNWs/Papyex and ZNRs/GNWs hybrid elec
trodes at various constant current densities. The efficiencies were 
measured over a current density range of 0.2 mA cm− 2 to 0.5 mA cm− 2. 
Specially, the Coulombic efficiency represents the ratio of charge 
extracted during discharge to charge stored during charging. When the 
Coulombic efficiency of close to 100 % indicates minimal energy loss 
and excellent reversibility of the charge/discharge cycle. It can be seen 
that all electrodes maintain a coulombic efficiency of approximately 90 
% across the current density ranges of 0.3, 0.4, and 0.5 mA cm− 2, 
indicating their strong charge storage capability and good rate perfor
mance. These findings highlight the potential of nanostructured ZNRs/ 
GNWs hybrids to enhance the electrochemical performance of 
supercapacitors. 

To exemplify the significance of the three-dimensional structure of 
GNWs, Fig. S16 illustrates the CV and GCD profile at a scan rate of 10 
mV s− 1and a current density of 0.1 mA cm− 2 for pure Papyex and ZNRs/ 
Papyex-2 h (ZNRs grown directly on Papyex with 2 h), respectively. The 
capacitance values for Papyex and ZNRs/Papyex-2 h were obtained 
using Eq. (1) and found to be 4.75 and 6.61 mF cm− 2, respectively. 
These values were markedly lower than those of the other hybrid elec
trodes. Examining the inset of Fig. S16b, which includes FESEM images 
of both specimens, the results indicate that the Papyex possesses a two- 
dimensional planar composition. Additionally, an important observa
tion arises that the ZNRs deposited on the surface of Papyex display 
considerable stacking, resulting in a converging surface structure. The 
stacking phenomenon obstructs the smooth flow of ions, which in turn 
hinders the effective transportation of electrolyte ions. As a result, this 
stacking effect does not appreciably improve the specific capacitance. 
This finding highlights the significance of hybrid structures that can 
notably enhance the speedy movement of ions and charges during redox 
reactions by enabling greater interfacial contact [74]. Meanwhile, the 
surface morphology of ZNRs may be negatively affected by the long 

Y. Ma et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 488 (2024) 151135

11

hydrothermal reaction time. Fig. S17 displays SEM images of ZNRs/ 
GNWs hybrids at different magnifications after a 3-hour hydrothermal 
reaction (labelled as ZNRs/GNWs/Papyex-3 h). The dense ZNRs have 
completely covered the surface of GNWs due to the excessively long 
hydrothermal reaction time, resulting in the disappearance of the spiny 
hierarchical structure of ZNRs/GNWs compared to that of the ZNRs/ 
GNWs/Papyex-2 h hybrid electrode. Due to the high coverage of ZNRs, it 
will be difficult for the electrolyte to penetrate the ZNRs layer and 
contact the GNWs during the electrochemical test. As a result, the spe
cific capacitance contribution of the hybrid electrode comes solely from 
the pseudo-capacitance of the ZNRs, without the participation of the 
double-layer capacitance of the GNWs. 

Fig. S16b in the preliminary draft shows that if only the pseudoca
pacitance property of ZNRs is utilized, ZNRs/Papyex have a specific 
capacitance of 6.61 mF cm− 2, which is very low. To obtain the ZNRs/ 
GNWs spiky hybrid structure with a large surface area, it is necessary to 
have fine control over the hydrothermal reaction time. This results in a 
specific capacitance contribution from the synergistic effect of the 
interaction of the double-layer capacitance of the GNWs with the 
pseudocapacitance of the ZNRs. These results underscore the substantial 
enhancement in capacitive performance achieved through the incorpo
ration of GNWs and the introduction of OV defects within the ZNRs in 
the hybrid ZNRs/GNWs electrode. Furthermore, it is noteworthy that 

the ZNRs/GNWs/Papyex-2 h demonstrates superior electrochemical 
performance when compared to prior studies utilizing ZnO electrode 
materials, as indicated in Table S2. The increased capacitance of the 
ZNRs/GNWs hybrid can be attributed to its unique composite structure:  

(1) Enhanced surface area and porosity: The vertical alignment of 
GNWs in the composite significantly increases the accessible 
surface area for electrochemical reactions. Our vertical structure 
differs from planar graphene or randomly oriented graphene/ 
ZnO composites, as it provides an open and porous network that 
facilitates ion diffusion and reduces the ionic transport path. This 
feature is critical for high-rate supercapacitive applications that 
require rapid charge/discharge cycles. 

(2) Controlled ZnO nanorods growth: The developed synthesis pro
cess enables precise control over the growth of ZnO nanorods, 
allowing for the engineering of OV defects that serve as active 
sites for Faradaic reactions. These OV defect sites promote 
pseudocapacitance through redox processes that are not as 
prevalent in composites with pristine ZnO or less controlled ZnO 
morphologies.  

(3) Direct electrical pathways: This hierarchical structure guarantees 
an uninterrupted pathway for electron transport by establishing 
intimate contact between ZNRs and conductive GNWs. This 

Fig. 8. (a) Cyclic ability test of ZNRs/GNWs/Papyex-2 h measured by the GCD at the current density of 0.8 mA cm− 2, and (inset) GCD curves of the first and last 5 
cycles of the 5000 GCD cycles. (b) Nyquist plots for ZNRs/GNWs/Papyex-1 h, ZNRs/GNWs/Papyex-1.5 h, and ZNRs/GNWs/Papyex-2 h, and (c) Energy-band diagram 
of ZNRs/GNWs system, schematic illustrations of surface chemisorption of molecular oxygen, and carrier transport strategy in the interfacial region of ZNRs/GNWs. 
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structural advantage reduces internal resistance and improves 
overall electrical connectivity compared to composites where 
ZnO and graphene are simply mixed or stacked without a defined 
interface.  

(4) Synergistic structural effects: The combination of GNWs and 
ZNRs produces a synergistic effect that exploits the structural 
advantages of each material; the GNWs provide a robust 
conductive network, while the ZNRs increase the energy storage 
capacity through an additional electrochemical mechanism. This 
hybrid structure creates a synergistic effect between the double 
layer capacitance of the GNWs and the pseudocapacitance of the 
ZNRs, resulting in an overall improvement in supercapacitor 
performance. 

In Fig. 8a, the cycling stability of the ZNRs/GNWs/Papyex-2 h 
electrode is depicted as a function of the number of cycles. This 
assessment involved a prolonged GCD process conducted over 5000 
cycles in a 3 M KOH aqueous electrolyte. Notably, the ZNRs/GNWs/ 
Papyex-2 h hybrid demonstrated a remarkable durability, preserving 79 
% of its initial capacitance even after 5000 cycles at a current density of 
0.8 mA cm− 2. This observation underscores the relatively robust cycling 
stability of the electrode. Furthermore, the inset in Fig. 8a presents the 
GCD curves for both the initial five cycles and the final five cycles out of 
a total of 5000 cycles. Examining the shapes of the GCD cycle curves 
during the first and last 5 cycles of the sample reveals insignificant 
modifications, indicating a satisfactory reversibility demonstrated by 
the hybrid electrode. Fig. S18a shows the FESEM image of ZNRs/GNWs/ 
Papyex-2 h after cyclic stability testing. It can be observed that some 
ZNRs have detached from the GNWs, which has led to the deterioration 
of the capacitive performance of the ZNRs/GNWs composite after 
extensive cycling stability tests. This is due to the direct impact on the 
Faraday pseudocapacitance contributed by the ZNRs. The efficient 
electron transport pathway is disrupted when the ZNRs become physi
cally detached from the GNWs conductive network, resulting in a 
degradation of the electrochemical performance. The reasons for the 
detachment of the ZNRs could include the mechanical stress during the 
cycling process and the weak van der waals forces at the ZNRs/GNW 
interface that may not withstand the volumetric changes during char
ge–discharge cycles. Concurrently, the XRD spectrum illustrated in 
Fig. S18b, resembling the XRD spectrum of the sample prior to the cyclic 
stability test, confirms that there is no evident lattice damage discernible 
in the ZNRs/GNWs/Papyex-2 h hybrid after the cyclic stability test. 

To access the effect of oxygen vacancies on the electrochemical 
characteristics of hybrids, electrical properties of ZNRs/GNWs hybrids 
were examined by EIS measurement conducted at 0.15 V DC bias po
tential with 5 mV oscillation amplitude spanning a frequency range from 
0.1 Hz to 100 kHz. Fig. 8b illustrates Nyquist plots for ZNRs/GNWs/ 
Papyex-1 h, ZNRs/GNWs/Papyex-1.5 h, and ZNRs/GNWs/Papyex-2 h. 
All of samples exhibit no apparent feature of semicircular arcs at high- 
frequency regions. In practice, the impedance spectra in the high- 
frequency domain primarily reflect the electrochemical series resis
tance (ESR) of the sample, which accounts for the resistances of the 
cables, between substrate and sample, and of the electrolyte. It can be 
seen that all ZNRs/GNWs hybrid electrodes present comparable ESR 
values. In the mid-frequency range, the contribution of charge transfer 
resistance occurring at the counter electrode/electrolyte interface is 
observed, with minimal dependence on the properties of the working 
electrode (ZNRs/GNWs/Papyex). Conversely, impedance spectra in the 
low-frequency domain are indicative of the diffusion impedance within 
the electrolyte and are highly contingent on the resistance of the 
working electrode/electrolyte interfaces [75]. The slope of the imped
ance curve in the low-frequency range serves as an indicator of the 
conductive characteristics of the ZNRs/GNWs/Papyex hybrids. 
Observing Fig. 8b, it becomes evident that ZNRs/GNWs/Papyex-2 h 
exhibits the steepest slope among all the samples, signifying the most 
rapid charge transfer and the smallest interfacial resistance in 

comparison to the other two samples. This heightened conductivity of 
ZNRs/GNWs/Papyex-2 h can be attributed to the presence of OV defects. 
In fact, OV defects are capable of forming shallow donor levels (electron 
traps) positioned just below the conduction band. These electron traps 
are credited for increasing carrier density, which subsequently enhances 
efficient charge carrier transportation within the hybrid electrode 
[76,77]. 

The primary characteristic of ZNRs in electrochemical applications, 
distinguishing them from other pseudocapacitive materials, is their 
unique ability to facilitate charge storage. During the charge storage 
process, the presence of exterior oxygen vacancies enhances ion 
anchoring, while the interior crystalline structure of ZNRs contributes to 
rapid electron transport owing to its excellent electrical conductivity. 
Meanwhile, the oxygen vacancies serve as sites for ion penetration, 
facilitating the occurrence of pseudocapacitive reactions. Specially, OV 
defects can increase the active sites for redox reactions, which are 
essential for pseudocapacitance. The presence of such defects on or near- 
surface regions alters the local electronic structure, creating favorable 
conditions for charge transfer reactions [78]. Moreover, the reduction in 
the band gap between the conduction and valence bands is advanta
geous for augmenting surface conductivity. Meanwhile, many studies 
using in-situ tests and DFT calculations have demonstrated that OV 
defects in the hybrid material, as well as changes in the valence state of 
the metal element during the electrochemical process, significantly 
contribute to the electrochemical cycling stability and capacity reten
tion of the active material [79–81]. Overall, the pseudocapacitive pro
cess in the oxygen vacancies involves the intercalation and 
deintercalation of K+ ions within the tunnels of ZNRs, as depicted below: 

ZnO + OH - ↔ ZnOOH + e - (8)  

ZnO + K+ + e - ↔ ZnOK (9)  

To gain further understanding of OV defects and their vital role in 
improving the supercapacitive effect, Fig. 8c illustrates the enhancement 
mechanisms involved. The OV defects in ZNRs are induced through Ar 
annealing and act as electron donors below the conduction band mini
mum, resulting in increased donor density. This is because the vacancies 
leave two electrons that are weakly bound to the vacancy sites and can 
be easily excited into the conduction band at relatively low thermal 
energy in semiconductors. As a result, there is an increase in the n-type 
conductivity of ZnO [82]. The introduction of OVs results in the creation 
of localized states in the energy band structure near the valence band 
edges [83]. Notably, electronic transitions from OV localized states to 
the conduction band (CB) and from the valence band (VB) to OV 
localized states play a pivotal role in reducing the bandgap of the ZNRs. 
Furthermore, with an increase in the density of oxygen vacancies, the 
OV defects begin to overlap with the valence band edge, causing a shift 
in the top of the valence band into the forbidden gap [84]. This leads to a 
further decrease in the bandgap. On the other hand, the electron affinity 
(Х) of ZNRs is about 4.35 eV and the Fermi level (Φ) of the GNWs is 
4.89–5.16 eV, below the vacuum level [85]. In the ZNRs/GNWs in
terfaces, the free electrons are inclined to energetically transfer from the 
conductive band of ZNRs to GNWs, meaning that the ZNRs/GNWs hy
brids can transfer the carriers more effectively. More importantly, it has 
been well established that oxygen molecules in aqueous solution or air 
can be easily adsorbed onto the exposed surface of ZnO by capturing free 
electrons from the ZnO ([O2 + e− → O2

− (ad)]), resulting in a decrease 
of conductivity of ZnO [86,87]. The O2

− bound to the surface of ZNRs 
will function as a hindrance layer, preventing the entrance of K+ in the 
solution into ZNRs to carry out the pseudocapacitive reaction as 
depicted in Eq. (9). The high-temperature Ar annealing treatment makes 
the ZNRs/GNWs rich in OV defects and greatly improves the electrical 
conductivity of the ZNRs compared with the unannealed pure ZnO. The 
enhanced conductivity of ZNRs denotes a substantial augmentation in 
the mobility of free electrons within the conduction band of ZNRs. 
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Actually, the addition of OV defects introduces extra electrons into the 
system, thereby increasing the charge carrier density. Moreover, the 
presence of OV defects can lead to structural relaxations that reduce 
scattering centers for charge carriers, effectively enhancing their 
mobility [88]. Concurrently, the free electrons possess a strong incli
nation to migrate towards GNWs due to the lower electron affinity po
tential of ZnO as compared to the work function of GNWs. The high 
electron mobility and effective carrier transportation greatly reduces the 
probability of capturing free electrons in the ZNRs by O2 in solution. 
Thus, the formation of the O2

− barrier layer is effectively diminished, and 
the K+ ions are more easily accessible to the high-density OV sites in the 
ZNRs where pseudocapacitive reactions take place, improving the 
supercapacitive performance of the ZNRs/GNWs hybrids. 

4. Conclusions 

The conclusions draw from this work encapsulate the successful 
development of a hybrid electrode, show casing remarkable super
capacitive enhancement. This achievement is underpinned by a unique 
hierarchical nanostructure featuring ZNRs anchored onto GNWs. The 
fabrication process involved the initial synthesis of GNWs through ICP- 
CVD, followed by successive stages of magnetron sputtering and hy
drothermal growth for the deposition of ZNRs onto the GNWs. A pivotal 
of enhancement strategy involved the introduction of OV defects 
through Ar annealing. This deliberate introduction played a crucial role 
in augmenting the electrochemical properties of the hybrid electrode. 
The induced OV defects, in conjunction with robust interfacial in
teractions within the hybrids, significantly improved charge transport 
during cyclic operations. Moreover, they contributed to an enlarged 
reactive surface area, thereby elevating the specific capacitance in 
comparison to the control sample. The composite material, ZNRs/ 
GNWs/Papyex-2 h, exhibited a remark 1.5-fold increase in capacitance 
compared to GNWs/Papyex when assessed at a current density of 0.1 
mA cm− 2. This supercapacitive enhancement stems from a confluence of 
several physicochemical attributes: (i) A synergistic effect resulting from 
the interplay between the double-layer capacitance of GNWs and the 
pseudocapacitance of ZNRs. (ii) The high electrical conductivity 
intrinsic to GNWs, which enhances charge transport. (iii) The nano
structured surfaces of both ZNRs and GNWs, collectively yielding a 
substantial active surface area, and facilitating additional reaction sites. 
(iv) Ar annealing, which introduces OV defects in ZNRs, thereby 
reducing the generation of O2

− barrier layers and improving carrier 
concentration. This further enhances charge transport properties within 
the hybrid electrode. In essence, the synthesized hybrid electrode pre
sents a promising avenue for advancing supercapacitor technology, of
fering improved performance and efficiency through the strategic 
integration of ZNRs and GNWs. Meanwhile, this work utilizes environ
mentally friendly techniques for high-performance, sustainable super
capacitor materials. Each method has been historically refined and is 
industrially scalable. This integration of established technologies high
lights our dedication to balancing innovative research with practical 
environmental applications in the fields of chemical engineering and 
energy storage. 
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[21] N.M. Santhosh, G. Filipič, E. Kovacevic, A. Jagodar, J. Berndt, T. Strunskus, 
H. Kondo, M. Hori, E. Tatarova, U. Cvelbar, N-graphene nanowalls via plasma 
nitrogen incorporation and substitution: the experimental evidence, Nano-Micro 
Lett. 12 (1) (2020) 53, https://doi.org/10.1007/s40820-020-0395-5. 

[22] E. Bertran-Serra, S. Rodriguez-Miguel, Z. Li, Y. Ma, G. Farid, S. Chaitoglou, 
R. Amade, R. Ospina, J.-L. Andújar, Advancements in plasma-enhanced chemical 
vapor deposition for producing vertical graphene nanowalls, Nanomaterials 13 
(18) (2023) 2533, https://doi.org/10.3390/nano13182533. 

[23] Lichchhavi, H. Lee, Y. Ohshita, A.K. Singh, P.M. Shirage, Transformation of battery 
to high performance pseudocapacitor by the hybridization of W18O49 with RuO2 
nanostructures, Langmuir 37(3) (2021) 1141-1151. https://doi.org/10.1021/acs. 
langmuir.0c03056. 

[24] Z.J. Lao, K. Konstantinov, Y. Tournaire, S.H. Ng, G.X. Wang, H.K. Liu, Synthesis of 
vanadium pentoxide powders with enhanced surface-area for electrochemical 
capacitors, J. Power Sources 162 (2) (2006) 1451–1454, https://doi.org/10.1016/ 
j.jpowsour.2006.07.060. 

[25] W. Young Jang, C. Venkata Reddy, A. Daouli, R.R. Kakarla, N. Bandaru, J. Shim, 
M. Badawi, T.M. Aminabhavi, Novel 2D sulfur-doped V2O5 flakes and their 
applications in photoelectrochemical water oxidation and high-performance 
energy storage supercapacitors, Chem. Eng. J. 461 (2023) 141935, https://doi.org/ 
10.1016/j.cej.2023.141935. 

[26] J. Choi, M. Kim, J. Kim, Synergistic interaction between embedded Co3O4 
nanowires and graphene papers for high performance capacitor electrodes, RSC 
Adv. 7 (38) (2017) 23793–23801, https://doi.org/10.1039/C7RA02867A. 

[27] L. Naderi, S. Shahrokhian, Metal-organic framework-assisted Co3O4/CuO@CoMnP 
with core-shell nanostructured architecture on Cu fibers for fabrication of flexible 
wire-typed enzyme-free micro-sensors, Chem. Eng. J. 456 (2023) 141088, https:// 
doi.org/10.1016/j.cej.2022.141088. 

[28] Y.F. Yuan, Y.B. Pei, S.Y. Guo, J. Fang, J.L. Yang, Sparse MnO2 nanowires clusters 
for high-performance supercapacitors, Mater. Lett. 73 (2012) 194–197, https:// 
doi.org/10.1016/j.matlet.2012.01.046. 

[29] J. Yan, C. Liu, J. Yang, Z. Wang, W. Yao, L. Huang, J. Cui, J. Liu, X. Hu, Y. Wu, A 
2.6 V flexible supercapacitor based on Al-MnO2-Na2SO4//AC-KOH with High 
Specific Energy, ACS Energy Lett. 8(4) (2023) 2033-2041. https://doi.org/ 
10.1021/acsenergylett.3c00439. 

[30] D.-W. Wang, F. Li, H.-M. Cheng, Hierarchical porous nickel oxide and carbon as 
electrode materials for asymmetric supercapacitor, J. Power Sources 185 (2) 
(2008) 1563–1568, https://doi.org/10.1016/j.jpowsour.2008.08.032. 

[31] R.B. Ambade, H. Lee, K. Hyun Lee, H. Lee, G. Kumar Veerasubramani, Y.-B. Kim, 
T., Hee Han, Ultrafast flashlight sintered mesoporous NiO nanosheets for stable 
asymmetric supercapacitors, Chem. Eng. J. 436 (2022) 135041, https://doi.org/ 
10.1016/j.cej.2022.135041. 

[32] D. Zhao, H. Liu, X. Wu, Bi-interface induced multi-active MCo2O4@MCo2S4@PPy 
(M=Ni, Zn) sandwich structure for energy storage and electrocatalysis, Nano 
Energy 57 (2019) 363–370, https://doi.org/10.1016/j.nanoen.2018.12.066. 

[33] S. Fleischmann, J.B. Mitchell, R. Wang, C. Zhan, D.-E. Jiang, V. Presser, 
V. Augustyn, Pseudocapacitance: from fundamental understanding to high power 
energy storage materials, Chem. Rev. 120 (14) (2020) 6738–6782, https://doi.org/ 
10.1021/acs.chemrev.0c00170. 

[34] G. Chi, W. Gong, G. Xiao, J. Pan, J. Chen, L. Su, B. Fugetsu, I. Sakata, X. Zhang, 
Wire-shaped, all-solid-state, high-performance flexible asymmetric supercapacitors 
based on (Mn, Fe) oxides/reduced graphene oxide/oxidized carbon nanotube fiber 
hybrid electrodes, Nano Energy 117 (2023) 108887, https://doi.org/10.1016/j. 
nanoen.2023.108887. 

[35] X. Chen, R. Paul, L. Dai, Carbon-based supercapacitors for efficient energy storage, 
Natl. Sci. Rev. 4 (3) (2017) 453–489, https://doi.org/10.1093/nsr/nwx009. 

[36] J.-W. Lang, L.-B. Kong, W.-J. Wu, M. Liu, Y.-C. Luo, L. Kang, A facile approach to 
the preparation of loose-packed Ni(OH)2 nanoflake materials for electrochemical 
capacitors, J. Solid State Electrochem. 13 (2) (2009) 333–340, https://doi.org/ 
10.1007/s10008-008-0560-0. 

[37] L.-Y. Zhu, X.-Y. Miao, L.-X. Ou, L.-W. Mao, K. Yuan, S. Sun, A. Devi, H.-L. Lu, 
Heterostructured α-Fe2O3@ZnO@ZIF-8 core–shell nanowires for a highly selective 
MEMS-based ppb-level H2S gas sensor system, Small 18 (50) (2022) 2204828, 
https://doi.org/10.1002/smll.202204828. 

[38] W. Zhao, S. Bi, L.-H. Chen, K. Asare-Yeboah, J.-H. Song, Ultraviolet-sensitive OLED 
with tunable wavelength and intensity by integrated ZnO nanowires schottky 
junction, Adv. Opt. Mater. 10 (20) (2022) 2201074, https://doi.org/10.1002/ 
adom.202201074. 

[39] P.R. Schol, W.-S. Zhang, T. Scharl, A. Kunzmann, W. Peukert, R.R. Schröder, D. 
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