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ABSTRACT: A photorechargeable device can generate power from sunlight and store it
in one device, which has a broad application prospect in the future. However, if the
working state of the photovoltaic part in the photorechargeable device deviates from the
maximum power point, its actual power conversion efficiency will reduce. The strategy of
voltage match on the maximum power point is reported to achieve a high overall
efficiency (ηoa) of the photorechargeable device assembled by a passivated emitter and
rear cell (PERC) solar cell and Ni-based asymmetric capacitors. According to matching
the voltage of the maximum power point of the photovoltaic part, the charging
characteristics of the energy storage part are adjusted to realize a high actual power
conversion efficiency of the photovoltaic part (ηpv). The ηpv of a Ni(OH)2-rGO-based
photorechargeable device is 21.53%, and the ηoa is up to 14.55%. This strategy can
promote further practical application for the development of photorechargeable devices.

KEYWORDS: photorechargeable device, strategy of voltage match, high overall efficiency, Ni-based asymmetric capacitors, PERC solar cell

1. INTRODUCTION
The energy crisis will be one of the greatest challenges in the
next 50 years.1 With the growing demand for energy in the
industrial system, fossil fuels, as the main source of energy,
have been increasingly depleted, which requests the vigorous
development of renewable energy. At the same time, the
environmental pollution and greenhouse effect caused by the
consumption of fossil fuels are the main concerns of
environmental protection policies.2 As a kind of renewable
energy, solar energy is clean and pollution-free, which is an
effective means to solve the energy crisis. There is as much as 1
× 105 TW·h−1 of solar energy received on the surface of the
earth, which can fully meet the global annual energy
consumption demand of 16 TW.3 However, solar energy
varies in different regions at different times.2,4 Meanwhile, the
energy fluctuation converted from solar energy leads to the
contradiction between energy supply and demand.5 To balance
the contradiction, the converted solar energy needs to be
stored in other energy storage equipment.6,7 Therefore, it is
necessary to develop an integrated device to collect and store
solar energy. A photorechargeable device (PRD) is a kind of
equipment that realizes photovoltaic and energy storage
functions in one device through structural simplification or
structural design. A considerable number of research studies
have been reported on PRDs, which can be mainly divided into
simplified devices (SDs) and complete devices (CDs). An SD
has an electrode shared with functions of light to electric
conversion and energy storage. Such devices usually contain
only two working electrodes, and some photoelectrochemical

devices can also be classified into this category. The research
on SDs has made great contributions to structural innovation
and mechanism exploration for the development of the
PRD.8−13 But limited by low efficiency and stability, the
practicability of SDs has a lot of room for improvement.6,14 A
CD refers to a device with one working electrode at least for
energy storage or light to electric conversion only, which
usually includes three or four electrodes.15

The device with a complete photovoltaic and energy storage
structure is easier to obtain high efficiency while maintaining
good stability compared to the SD. However, the mismatch
between photovoltaic (PV) and energy storage (ES) parts
leads to the degradation of device performance.16,17 The
overall efficiency (ηoa) of the CD is mainly limited by three
aspects: voltage matching, current matching (rate capability
matching), and maximum power point matching (efficiency
matching). Compared with the fully charged voltage of ES
devices such as supercapacitors and lithium-ion batteries, a
single PV device usually has a low output voltage. ES devices
need to be charged at low current to obtain higher energy
efficiency. Therefore, ES devices require charging with high
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voltage and low current, while the PV device supply a power
with low voltage and high current. The direct connection of
the PV and ES devices leads to a series of problems, for
example, the ES devices cannot be fully charged,18 and the low
ηoa of the PRD is caused by an excessive charge rate.19 It is
worth noting that adding a converter can solve the mismatch
between the PV device and ES device of current and
voltage.20,21 However, it will lead to the enlargement of the
device volume and the increasing of power dissipation.
Additionally, there are many inconveniences, such as the
difficulty of manufacturing flexible devices and the need of
independent power supply for the converter. Especially for
ultrasmall or ultralow power devices, the use of converters
greatly limits the structural design and the ηoa.
The PRD does not work stably at the maximum power point

during the photocharging process, resulting in a low ηoa, which
has been pointed out in some research studies. Jin et al.22

contributed an integrated flow battery combining a photo-
electrode and redox flow battery. They proposed that
controlling the formal cell potential of a redox flow battery
and the J−V characteristic of a solar cell can achieve voltage
match. Wang et al.23 integrated a perovskite solar module
(PSM) and an aluminum-ion battery (AIB) on a dual-function
aluminum electrode to prepare a solar rechargeable system. By
rationally matching the maximum power point voltage of PSM
with the AIB charging voltage, the solar-charging efficiency is
15.2% and the overall photoelectric conversion and storage
efficiency is 12.04%. It made a significant contribution to the
high ηoa by adjusting the ratio of the PV device maximum
power point voltage to the maximum voltage of the ES device
close to 1.24 Huang et al.25 employed a silicon solar cell as the
PV unit for charging a Ni(HCO3)2-based hybrid super-
capacitor, which is voltage adjustable. By changing the mass
of the cathode, the fully charged voltage can be controlled. So
that the maximum power point voltage of the PV device
matches the fully charged voltage of the ES device. Agbo et
al.26 used a thin-film silicon solar cell and lithium-ion cell
combined for portable electronic devices. The as-prepared
device reported a solar energy-to-battery charging efficiency of
8.5% at the maximum power point. The above works have
proposed that the matching of the maximum power point
voltage and fully charged voltage of the ES part can improve
the ηoa of the PRD. According to the working properties of PV
and ES parts, it will be of a great guiding value for the selection
and construction of the PRD if the specific voltage relationship
is offered to realize the PRD working near the maximum power
point during photocharging.
In this work, a passivated emitter and rear cell (PERC) solar

cell was used as the PV part, and Ni-based asymmetric
capacitors were used as the ES part to prepare the PRD. By
adjusting the charging characteristics of the ES part to control
the working state of the PV part, the usage of the strategy of
voltage match on the maximum power point (SVM) can
efficiently improve the power conversion efficiency. As a result,
the highest ηoa of 14.55% is obtained. The PRD reached a near-
maximum power state in only 0.4 s, and the ηpv takes 87.27% of
the maximum power conversion efficiency (MPCE). The
research shows that SVM can significantly improve the ηoa,
which promotes the development and practical application of
the PRD.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Ni(OH)2-rGO Composites. Ni(OH)2-rGO

composites were synthesized by a hydrothermal method using NiSO4·
6H2O, NaOH, and GO. Briefly, the weighed GO was ultrasonically
dispersed in 100 mL of deionized water. The weighed NiSO4·6H2O
and 20 mL of NaOH solution were added, fully stirred, and then
transferred into a stainless steel autoclave lined with polytetrafluoro-
ethylene. The mixture was heated to 180 °C to react for 7 h and
cooled naturally. Finally, the product was filtered and freeze-dried to
obtain Ni(OH)2-rGO composites. By adjusting the ratio of raw
materials, the mass ratio of GO to Ni(OH)2 was 1:1, 1:2, and 1:5, and
the products were, respectively, named GN1, GN2, and GN3. Pure
Ni(OH)2 powder without GO was prepared by the same method as
the controls and named NH.

2.2. Characterization Methods. A scanning electron microscope
(SEM, SU8100, HITACHI) was used to characterize the morphology
of the prepared materials. X-ray diffraction (XRD, D8 Focus, Bruker)
was used to analyze their phase and crystal structures.

2.3. Electrode Fabrication and Electrochemical Measure-
ments. The active material, acetylene black, and PTFE were mixed
into a slurry according to the ratio of 8:1:1 and coated on a nickel
foam collector to prepare the working electrode. The electrochemical
tests were conducted in a three-electrode system with Hg/HgO as the
reference electrode and Pt as the counter electrode. Cyclic
voltammetry (CV) tests were carried out in the potential range of
0−0.55 V at different scan rates. Galvanostatic discharge (GD) tests
were completed at different current densities. The electrochemical
impedance spectroscopy (EIS) curves were obtained at an open-
circuit potential (OCP) with a frequency range of 100 kHz to 0.01
Hz. The specific capacity (Cm) was calculated from GD curves by the
following equation

C I t
m3.6m = ×

× (1)

where I (A) is the discharging current, Δt (s) is the discharging time,
and m (g) is the mass of the active material. All electrochemical tests
were carried out in a 6 M KOH electrolyte.

2.4. Capacitor Assembly and Photovoltaic Device Param-
eters. Asymmetric capacitors were assembled with Ni(OH)2-rGO
composite materials as the positive electrode and commercial
activated carbon as the negative electrode. Both positive and negative
electrodes of symmetrical capacitors were commercial activated
carbon. The mass balance of the positive and negative electrodes is
determined by the following equation

m
m

C V
C V

= ×
×

+

+ + (2)

where m+/m−, C+/C−, and ΔV+/ΔV− are the mass, specific capacity,
and working potential window of the positive/negative electrodes,
respectively. Galvanostatic charge/discharge curves were measured
using an electrochemical workstation (CHI660E, Chenhua) at a
current density of 2 A·g−1.
The energy density (E) and power density (P) of the capacitors

were calculated by the following equations

E
I V t

m

d

3.6
=

×
× (3)

P E
t

3600= ×
(4)

where I (A) is the discharging current, V (V) is the potential, m (g) is
the total mass of the active material, and t (s) is the discharging time.
The photovoltaic part is a triple junction series connected to a

PERC solar cell. J−V and P−V curves were measured by a source
meter (Keithley 2400) under AM 1.5 G irradiation (100 mW·cm−2)
from a solar light simulator (XES-301S + EL-100). The maximum
power conversion efficiency (MPCE) of the PERC solar cell is
24.67%, the open-circuit voltage is 1.9 V, the short-circuit current
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density (JSC) is 19.67 mA·cm−2, and the maximum power point
voltage is 1.54 V.

2.5. PRD Measurement and Calculations. The PRD was
fabricated by the PERC solar cell as the photovoltaic part and
symmetric/asymmetric capacitors as the energy storage part. All active
materials of the positive electrode in energy storage parts had the
same mass, and the mass of the negative electrode was matched
according to eq 2. Under the irradiation of sunlight, the energy
storage part was directly charged by the photovoltaic part used as a
power supply, and the V−t curve was recorded by an electrochemical
workstation. Under dark conditions, the photovoltaic part and the
energy storage part were disconnected, and the GD curve of the
energy storage part was recorded. In addition, since the same
photovoltaic device was used for testing, the constant-current
discharge current of five types of energy storage parts was the same
(10 mA).
The incident light energy (Elight) was calculated by the following

equation

E P S tlight light= × × (5)

where Plight is the incident light power density (100 mW·cm−2), S is
the effective light area (3.26 cm2) of the PRD, and t (s) is the
photocharging time.
The actual power conversion efficiency of the photovoltaic part in

the PRD (ηpv), the energy efficiency of the energy storage part in the
PRD (ηes), and the overall efficiency of the PRD (ηoa) are calculated
by the following equations

E
E

P t

E

d
pv

ie

light

ie

light
= =

(6)

E
E

E

P tdes
es

ie

es

ie

= =
(7)

E
Eoa

es

light
=

(8)

where Eie is the input energy of the energy storage part, equal to the
actual output energy of the photovoltaic part during the photo-
charging process, calculated according to the real-time P−t curve of
the PRD. Ees is the discharge energy of the energy storage part,
calculated by the P−t curve during dark discharging.

3. RESULTS AND DISCUSSION
High efficiency and easy preparation are two important
characteristics of practical PRDs, while the selection of PV
and ES parts can significantly affect the two characteristics. The
PERC solar cell shows a high MPCE and outstanding stability,
which is employed as the PV part. The supercapacitor is used
as the ES part because of the simple structure, ease of
preparation, and high-power density. The PRD is assembled
for obtaining high efficiency, and the structure and working
process are shown in Scheme 1. The solar energy is converted
into electric energy after irradiating the PV part. Subsequently,
the electric energy is converted into chemical energy and
stored in the ES part through the charging process, and then it
is converted into electric energy again through the discharging
process. In the operation of the PRD, the actual power
conversion efficiency of the PV part is called ηpv and the actual
energy efficiency of the ES part is called ηes. Correspondingly,
the power conversion efficiency at the maximum power point
in the independent operation of the PV device is denoted as
MPCE, and the energy efficiency of the ES device in the
galvanostatic charge and discharge is called ηee.
In recent years, the MPCE of PV devices has been greatly

improved, but the ηpv is far from the MPCE. PV parts do not

work stably at the maximum power point during photo-
charging, leading to ηpv ≤ MPCE. So, it is an effective way to
improve the ηoa of the PRD by controlling ηpv as close to
MPCE as possible. On the basis of this strategy, the
relationship between the charging curve of the ES part and
the J−V curve of the PV part is studied and the following
strategy is proposed.

3.1. Strategy of Voltage Match on the Maximum
Power Point. On the basis of the J−V curve of the PV device,
it can be known that the current of the PV device changes little
before reaching the maximum power point, meanwhile the
power keeps increasing during the voltage rise. The current
and power of the PV device gradually decrease with the
increase of the voltage after reaching the maximum power
point. Therefore, to obtain the maximum power conversion
efficiency, it is necessary to control the PV part to work near
the maximum power point. For asymmetric capacitors using
battery-type electrodes and some lithium- and sodium-ion
batteries, there is usually a section of the charging curve where
the voltage rises rapidly and the capacity rises less.20,27,28 Then,
there is another section where the capacity rises rapidly and the
voltage changes little. The slopes of V−t curves between the
two sections are obviously different. The dividing point
between the two sections can be called the inflection point,
and the corresponding voltage is called Vip. As shown in Figure
1a, the section of the V−t curve in which the voltage is lower
or higher than the Vip is called the voltage segment (V
segment) or the capacity segment (C segment), respectively. If
the maximum power point of the PV part can be located in the
C segment during the photocharging process, the PV part can
work near the maximum power point, then the ideal ηpv is
obtained. The fully charged voltage of the PRD is defined as
Vmax, and the maximum power point voltage of the PV device
is defined as Vmpp. Obviously, Vmax is higher than Vip. Thus,
there are three situations corresponding to the three
relationships of voltage as follows

V V V

V V V

V V V

(a)

(b)

(c)

max mpp ip

mpp max ip

max ip mpp

> >

> >

> >

Situations I, II, and III are caused by the different
relationships among the Vmax, Vmpp, and Vip. Situation I
corresponding to Inequality (a) is shown in Figure 1a. At the
moment of illumination, the voltage of the PRD starts to rise.
Due to the small capacity of the V segment, the voltage of the

Scheme 1. Illustration of the Structure and Energy Exchange
Process of a PRD
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PRD quickly reaches Vip. After the inflection point, the device
enters the near-maximum power state. At this moment, the
power of the PV part rises to a relatively high value with the
voltage increase, and the ES part enters the C segment with a
large capacity and small voltage change. Due to the control of
voltage, there is a high output power of the PV part continuing
to the end of the photocharging process. Moreover, the voltage
change of the PV part is small, and the working state is
relatively stable after the inflection point. To further improve
the ηpv, the gap among Vmax, Vmpp, and Vip can be narrowed as
much as possible. The most ideal situation, which is shown in
Figure 1b as a black curve, is that the three kinds of voltage
meet the Inequality (a) with a minimal difference. The blue
curve in Figure 1b exhibits Situation II corresponding to
Inequality (b). The output power of the PV part increases and
is less than that of Situation I in the whole process. For
Situation III corresponding to Inequality (c), the working state
of the PV parts exceeded the actual maximum power point
after reaching the C segment. Therefore, the output power
increases in a short time to the maximum value, and drops
immediately, corresponding to the green curve in Figure 1b.
Both of the Situations II and III cause the working state of the
PV part to deviate far from the maximum power point, so the
ηpv is lower than that in Situation I. When the voltage is higher
than the Vip, the state of the PRD is defined as the near-
maximum power state (NS). The PRDs were prepared based
on the SVM as follows. The PERC solar cell was used as the
PV part. The Ni-based materials and activated carbon (AC)
were employed as electrodes of supercapacitors, which were
used as the ES part. Abbreviations of the relevant
nomenclature are shown in Table 1.

3.2. Construction of the Energy Storage Part. With
high theoretical capacity, low cost, and environmental
friendliness, Ni(OH)2 is used as the positive material of an
asymmetric capacitor. Using NiSO4·6H2O, NaOH, and
graphene oxide (GO), which can reduce the internal
resistance, as raw materials the Ni(OH)2-rGO composite
material (GN1, GN2, and GN3, Ni(OH)2 content increases in
sequence) and pure Ni(OH)2 (NH) for the positive electrode
of the asymmetric capacitor were obtained by a simple
hydrothermal method.
XRD patterns can be used to describe the phase and crystal

structures of electrode materials. Figure 2 shows the XRD
diffraction patterns of GN1, GN2, GN3, and NH. All
diffraction peaks have been marked. Nine characteristic peaks

are observed for Ni(OH)2-rGO composites and Ni(OH)2
nanosheet samples, at 19.2, 33.0, 38.5, 52.0, 59.0, 62.7, 69.3,
70.3, and 72.7° corresponding to (001), (100), (101), (102),
(110), (111), (200), (103), and (201) diffraction planes of β-
Ni(OH)2 (JCPDS 14-0117), which is consistent with previous
literature.29,30 With the increase of nickel dosage, the (002)
peak intensity of rGO decreases gradually compared with the
(101) peak intensity of Ni(OH)2, which means that the
number of exposed crystal planes of Ni(OH)2 increases.

Figure 1. (a) P−V curve of the PV device and the V−t curve of the ES part in the PRD. (b) P−t diagram of the PV part.

Table 1. Abbreviations of the Relevant Nomenclature

nomenclature abbreviations

photorechargeable device PRD
strategy of voltage match on the maximum power point SVM
simplified device SD
complete device CD
photovoltaic PV
energy storage ES
maximum power conversion efficiency MPCE
near maximum power state NS
actual power conversion efficiency of photovoltaic part (in
photorechargeable device)

ηpv

energy efficiency of the energy storage device ηee
actual energy efficiency of the energy storage part (in
photorechargeable device)

ηes

voltage of the inflection point Vip

voltage of the maximum power point Vmpp

fully charged voltage of the energy storage device Vmax

overall efficiency of the photorechargeable device ηoa

Figure 2. XRD patterns of GN1, GN2, GN3, and NH.
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Figure 3 shows the SEM images of the four as-prepared
materials. In Figure 3a,b, it can be clearly seen that Ni(OH)2

nanosheets grow on the surface of the rGO substrate, and the
nickel source (NiSO4·6H2O and NaOH) dosage of GN1 is
lower than that of GN2, so there are fewer Ni(OH)2
nanosheets on the surface. Figure 3c,d shows the surface
morphology of GN3 and NH, and both of them are Ni(OH)2
nanoparticles without obvious rGO. The particles of GN3 are
irregular in shape, while NH nanoparticles are hexagonal and
significantly larger than GN3. For the four as-prepared
materials, with the increase of nickel source dosage, the size
of Ni(OH)2 increases and its proportion increases. The
increase of Ni(OH)2 particle size and the decrease of rGO
proportion will lead to the increase of the internal resistance
for the materials.
The electrochemical behavior was examined by the CV test

at 5 mV·s−1 and is shown in Figure 4a. The CV curves of all of
the four electrodes have a relatively clear pair of redox peaks,
which come from the reaction:31 OH− + Ni(OH)2 → NiOOH
+ H2O + e−. The CV curve of GN2 has the largest area
corresponding to the largest specific capacity, while the CV
curve of NH has the smallest area corresponding to the
smallest specific capacity. The main reason is that GN2 has a
suitable ratio of Ni(OH)2 and rGO, and as the substrate, rGO
can rapidly export electrons.32 Figure 4b shows the EIS curves
of the four electrodes. The first intersection of the curve and
the real axis corresponds to the equivalent series resistance of
the electrodes, which is composed of the solution resistance of
the electrolyte, the intrinsic resistance of the active material as
well as the contact resistance at the electrode and electrolyte
interface.33 Due to the poor conductivity of Ni(OH)2, the
equivalent series resistance of NH is significantly higher than
that of the other three electrodes. However, the equivalent
series resistance of the three composite electrodes is similar
due to the outstanding conductivity of the rGO substrate.34,35

The semicircle in the high-frequency region of the curve
corresponds to the charge transfer resistance, which is mainly
related to the resistance of the redox reaction. There is a
significant semicircle area in the corresponding curve of NH,
which means that the NH has a large charge transfer
resistance.36 The main reason is that Ni(OH)2 has poor
conductivity, and it is difficult to export electrons during the
electrochemical reaction. GN1 also has a relatively small

semicircle, which is probably due to the minimum NaOH
dosage in the hydrothermal process and incomplete reduction
of rGO, leading to the relatively weak conductivity of GN1,
compared with GN2 and GN3. The slope of the low-frequency
curve is mainly related to the capacitance characteristic of the
electrode,36,37 and the larger slope of the curve, the more the
capacitance characteristic. With the increase of Ni(OH)2
loading, the capacitance characteristic of the electrodes
gradually weakened, which made the slope of the low-
frequency region of the corresponding curves of the four
electrodes gradually decrease.
Using the galvanostatic charge−discharge test (GCD) to

characterize the capacity of electrodes, the galvanostatic
discharge curves of the four kinds of electrodes are shown in
Figure 4c and the galvanostatic discharge curves of AC are
shown in Figure S1. The capacity of the composite electrodes
is mainly provided by Ni(OH)2, but its high internal resistance
leads to serious loss in the discharge process. The actual
capacity differs greatly from the theoretical capacity. It can
reduce the capacity loss by loading Ni(OH)2 on the rGO
substrate with high conductivity. The internal resistance of
GN3 is large and its capacity is lower than that of GN2 due to
the excessive Ni(OH)2 load. The galvanostatic discharge
curves of the GN2 electrode at different discharge rates are
shown in Figure 4d, and the specific capacity has been marked
out. Due to the suitable ratio of Ni(OH)2 and rGO, the
specific capacity of GN2 reaches 332.17 mAh·g−1 at a current
density of 2 A·g−1. When the current density is up to 50 A·g−1,
the specific capacity is still up to 165.69 mAh·g−1, and the
retention rate is nearly 50%.
The GCD of asymmetric capacitors was carried out to

describe the charging inflection points. Figure 4e,f shows the
GCD curves of the corresponding asymmetric capacitors, and
the charging inflection points have been marked. The
galvanostatic charge curve of the AC symmetrical capacitor
has two sections, which is mainly caused by the relatively high
current density of 2 A·g−1. For asymmetric capacitors with
GN1, GN2, GN3, and NH as positive electrodes, the
electrolyte and negative electrodes are the same, and the
difference of inflection point voltages in the charge curve is
mainly affected by the relative content of Ni(OH)2 and rGO in
the positive electrode materials.38 NH is pure Ni(OH)2, and
the inflection point voltage of the asymmetric capacitor with
NH as the positive electrode is the highest. The existence of
the rGO conductive substrate in GN1, GN2, and GN3 reduces
the internal resistance of the composite electrode, making its
charging process easier than that of NH, which can utilize
more active materials and reduce its inflection point
voltage.39−41 For GN1, the low content of Ni(OH)2 is
dispersed and anchored on the surface of rGO in a mosslike
distribution, and it has good contact with rGO, leading to the
low internal resistance of the composite. Due to the high
electronic conductivity of rGO, the charge transfer process of
GN1 easily reacts, which is reflected in the low inflection point
in the galvanostatic charge curve.42,43 With the increase of
Ni(OH)2 content, the Ni(OH)2 in GN2 is granular. Ni(OH)2
in GN3 became larger and thicker, and a large number of
Ni(OH)2 nanosheets grew on the rGO, showing obvious
stacking, which weakened the contribution of rGO to the
conductivity and increased the internal resistance of the
composite materials. At the same time, its thicker Ni(OH)2
nanosheets will hinder the insertion and removal of protons,
which is not conducive to the occurrence of the oxidation−

Figure 3. SEM images of (a) GN1, (b) GN2, (c) GN3, and (d) NH.
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reduction reaction, which is reflected in the increase of the
inflection point in the galvanostatic charge curve.44 In general,
the charging process of the asymmetric capacitor shows that
the content of Ni(OH)2 in composite materials raised will
cause the rise of the inflection point. The GN2-based
asymmetric capacitor obtained 36.25 Wh·kg−1 energy density
at 1057.38 W·kg−1 power density and the NH-based
symmetric capacitor obtained 8.42 Wh·kg−1 energy density at
1307.03 W·kg−1 power density, and the detailed data are
shown in Table 2.

3.3. Performance of the Photorechargeable Device.
To describe the photovoltaic performance of the PERC solar
cell, the J−V and P−V curves are shown in Figure 5a. The
MPCE of the PV device is 24.67% and the Vmpp is 1.54 V.
Taking an NH-based PRD as an example, Figure 5b describes
the output power of the PV part and the voltage of the PRD
during the photocharging process. It demonstrated that the Vip

of the NH-based PRD is 1.35 V, and the time from the start of
illumination to the inflection point of the PRD is defined as tss,
which is only 0.09 s. That is, the PV part reaches NS in about
0.09 s during the photocharging process of NH-based PRDs.
At this moment, the output instantaneous power of the PV
part is 74.29 mW, meanwhile, the maximum power during the
charging process is 75.30 mW. The entire charging process is
4.63 s, which proves that the photocharging process is carried

Figure 4. (a) CV curves at 5 mV·s−1, (b) Nyquist plots, and (c) discharge curves of GN1, GN2, GN3, and NH. (d) Discharge curves of GN2 at
different current densities. (e) Charge curves with inflection points of AC, GN1, GN2, GN3, and NH-based supercapacitors. (f) Discharge curves
of AC, GN1, GN2, GN3, and NH-based supercapacitors.

Table 2. Energy Densities and Power Densities of AC, GN1,
GN2, GN3, and NH-Based Supercapacitors

sample energy density (Wh·kg−1) power density (W·kg−1)

AC 4.77 640.05
GN1 27.40 1083.27
GN2 36.25 1057.38
GN3 24.68 1121.99
NH 8.42 1307.03
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out at a relatively high rate. The V−t and P−t curves of a GN2-
based PRD during photocharging are shown in Figure S2. In
addition, the actual output energy of the PV part in the C
segment during the photocharging process is defined as Ec, P is
the instantaneous power of the PV part in the photocharging
process, and tc is the illumination time of the C segment

E P tdc c= (9)

Emax is defined as the product of the actual value of the
maximum power (Pmax) and tc in the photocharging process.
To investigate the stability of the output power of the PV part
in the photocharging process entering the C segment, the E fill
factor (FE) is defined as

F E E/E c max= (10)

For clearer understanding, the diagram of Ec and Emax is
shown in Figure 5c. The solid line is the P−t diagram, and the
inflection point position has been marked out. Then, Ec refers
to the area enclosed by the blue solid line and the coordinate
axis. The black dotted line parallel to the horizontal axis
crosses the maximum power point of the PV part. Therefore,
Emax refers to the area enclosed by the three dotted lines and

the horizontal axis. Figure 5d shows the photocharging and
dark discharging curves of the PRD. The corresponding
inflection points have been marked in this figure. The Vmax of
all five types of supercapacitors is 1.6 V, which is higher than
the Vmpp of 1.54 V. The FE values of the four types of
asymmetric capacitors are all higher than 95%, which means
that the asymmetric-capacitor-based PRD can work stably near
the actual value of the maximum power during the photo-
charging process.
FM is used to describe the deviation degree of the PRD from

the maximum power state during the photocharging process

F /MPCEM pv= (11)

Due to the well-designed inflection point voltage, the FM of
the NH-based PRD is up to 92.44%, which is very close to the
MPCE of the PV device. It means that the PV part almost
constantly works at the maximum power point during the
photocharging process. Meanwhile, the FM of the other three
types of asymmetric-capacitor-based PRDs can also reach 85%
or higher. However, the FM of the AC-based PRD is only
75.73%. The FM of the four types of asymmetric-capacitor-
based PRDs are significantly higher than that of the AC-based
PRD because there are a significant C segment and V segment

Figure 5. (a) J−V and P−V curves of the PERC solar cell. (b) V−t and P−t curves of the NH-based PRD during photocharging. The inset is the
enlarged inflection point part. (c) Diagram of Ec and Emax. (d) Photocharging and dark discharging (inset) curves of five types of PRD. (e) ηpv and
inflection point of five types of PRD. (f) ηoa and ηes of five types of PRD.
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in the four types of asymmetric capacitors, and the Vip
increases with the increase of Ni(OH)2 content. According
to the SVM, the Vip of the four types of asymmetric-capacitor-
based PRDs are controlled below the Vmpp, which should be as
close to the Vmax as possible. The Vmpp and Vmax in this work
are 1.54 and 1.60 V, respectively, with a difference of only 0.06
V. Therefore, as Vip approaches Vmpp, ηpv approaches MPCE,
which means the closer the FM is to 100%.
The Vip and ηpv are shown in Figure 5e. The related data in

the photocharging process are shown in Table 3. The ηoa, ηpv,
ηes, Vip, and tss represent the overall efficiency, power
conversion efficiency of the PV part in the PRD, the energy
efficiency of the ES part in the PRD, inflection point voltage,
and the time from the illumination time to the inflection point
of the PRD, respectively. Compared with similar works using
converters, which need 1 s or more time to reach the NS, in
this work, the maximum value of tss is 0.4 s and the minimum
value is only 0.09 s, which has significant advantages.20,27 The
above experimental results prove that the match between the
Vip and the Vmpp is an effective means to improve the ηpv in the
PRD.
The ηoa of the five types of PRD is shown in Figure 5f. Due

to the low ηes of the NH electrode, which is caused by the low
conductivity, the ηoa is 12.66%, which is slightly lower than that
of the GN2-based PRD up to 14.55%. Using SVM for device
selection, the PV part can work near the maximum power
point by adjusting the charging characteristics of the ES part.
As a consequence, the SVM can improve the ηpv, thus
improving the ηoa. Therefore, the usage of this strategy can
greatly improve the practicality of the PRD.

4. CONCLUSIONS
In summary, the strategy of voltage match on the maximum
power point for a PRD is proposed. The Vmpp of the PV part is
matched with the Vmax and the Vip of the ES part, so that the
PV part works in the NS during photocharging, and a higher
ηpv and ηoa are realized. The PRD is assembled based on the
proposed strategy. A PERC solar cell is employed as the PV
part with a Vmpp of 1.54 V. An asymmetric capacitor with a
Vmax of 1.6 V is used as the ES part. Ni(OH)2-rGO composite
materials and pure Ni(OH)2 are used as positive electrodes of
asymmetric capacitors. The Vip is adjusted by changing the
content of Ni(OH)2 and rGO to make it close to the Vmpp.
Benefiting from the SVM, a GN2-based PRD shows a
maximum ηoa of 14.55% and only takes 0.4 s to reach the
NS. The ηpv and FM of the GN2-based PRD are as high as
21.53 and 87.27%, respectively. The strategy can not only
improve the ηpv but also guide the selection of the PV and ES
parts in PRD.
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