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We report that the direct conjugation of metal halide perovskite
nanocrystals on rGO sheets can provide high performance and
stable electrodes for Zn-ion capacitors. It is the first time that
metal halide nanocrystals have been used to enhance the energy
storage of 2D materials in capacitors by introducing an additional
pseudocapacitance mechanism. In particular, we present a simple,
rapid and room temperature laser-induced method to anchor
CsPbBr; nanocrystals on rGO sheets without affecting the initial
morphology and crystal structure of the two components. The
flexible and high surface area of the rGO sheets enables the conju-
gation of individual metal halide perovskite nanocrystals, giving
rise to new synergetic functionalities. As a result, the specific
capacitance of the perovskite—-rGO conjugated electrodes can be
enhanced by 178- and 152-times compared to those of the plain
rGO and perovskite electrodes respectively.

1. Introduction

To meet the world’s energy needs, simultaneous development
of energy conversion and energy storage systems is required.
At the same time, the investigation of efficient energy-assisted,
low-cost, fast and solution-processable new materials for these
energy-related applications is essential."”> Metal halide perovs-
kites play a prominent role as active materials in photovoltaic
solar cells, leading to high performance, competitive with
those of well-established technologies."”” Nevertheless, the
study of metal halide perovskite materials in energy storage
devices is still limited and mainly focused on batteries. Hybrid
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organic-inorganic and all-inorganic metal halide perovskite
materials in nanocrystal,®* microcrystal®*° or film-like struc-
tures'! have been proposed as anode materials in Li-based bat-
teries with the highest specific discharge capacity of 549 mA h
g~! with an optimum stability of 1500 cycles.” On the other
hand, the utilization of metal halide perovskites in capacitors
as electrode elements due to their high ionic conductivity'>™*®
leads to a maximum capacitance of 3.32 F cm™ for a Pb-free
hybrid bismuth-halide complex (CN,SHs);Bils,'* while an
enhanced value of 121 F g~' was achieved for all-inorganic
CsPbBr; reported by Thakur et al. two years later.®

In addition, 2D graphene-related materials have been intro-
duced as great candidates for both batteries and capacitors
due to their high electrical conductivity.”® They are easily fabri-
cated and relatively cheap with characteristic permeability,
facilitating the efficient penetration of electrolytes into electro-
des and boosting the capacitance of storage devices.>' Their
unique physicochemical features such as high morphological
anisotropy, high specific surface area, different active sites,
and tunable physicochemical properties, together with their
flexibility and thermal/chemical stability, led the scientific
community to use them as anodes in Li batteries with good
capacity and cycling lifetime.>” The maximum charge capacity
of graphite in Li batteries was found to be up to 372 mA h
g '?® while the theoretical capacity of graphene reached a
value of 744 mA h g '.>* Graphene sheets can buffer the
volume effect of anode materials during charge and discharge
and improve their electronic conductivity, while graphene/
metal (metal oxide) composites can be used as battery cath-
odes to improve their cycling performance.’®***> In this
context, the improvement of capacitor performance can be
accomplished through the fabrication of hybrid two-com-
ponent electrodes that couple transition metal oxides with gra-
phene-based materials and take advantage of the synergy
between the electric double layer capacitor (EDLC) and pseu-
docapacitance originating from the two components.
Transition metal oxides, in particular, have been investigated
as promising electrode materials for capacitors due to their
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high capacitance obtained via quick and reversible redox pro-
cesses at their surfaces, but they suffer from low conduc-
tivity.>® Accordingly, a specific capacitance value of 389 F g™
was achieved for the MnO,-graphite hybrid composite,
which is superior to the MnO,-rGO (135.5 F g')*® and MnO,-
GO (197.2 F g7)*° composites. A significantly enhanced value
has also been found in the case of silver-doped MnO, coupled
with GO (877 F g 1)?° and Cu oxide on amine-functionalized
GO (3890 F g ').*' Further examples of hybrid composite
materials with high specific capacitance are Co;O, with gra-
phene (243 F g71)*? or rGO (291 F g*),** ZnO with rGO (308 F
g7),** CeO, with graphite (191 F g*),*> and Fe;0, with rGO
(480 F g™").>° Notably, there is no report on the combination of
metal halide perovskites with graphene-related materials for
application in capacitors.

Very recently, a new type of capacitor, namely a Zn-ion
capacitor, has attracted significant attention due to its high
theoretical capacity, safety, environmentally friendly nature,
cost effectiveness, and the use of abundant elements; the
abundance of Zn is ~300 times higher compared to that of
lithium.?”*® In order to obtain high performance and long-life
Zn-ion capacitors, new electrode materials have to be explored.
2D materials are among potential candidates,*® due to their
low thickness, which shortens the charge diffusion path
during charge and discharge cycles. On top of that, their
ability to endure high strains could enhance the lifetime and
stability of the respective energy storage devices.*®
Nevertheless, the electrochemical behavior of graphene-related
materials is complicated because it is correlated to the
number of defects, functional groups and impurities.*® Very
recently, Xu et al. revealed that in Zn-ion hybrid capacitors,
apart from the contribution of oxygen-containing groups, an
extra contribution from the reversible adsorption/desorption
of H" on the carbon atoms of rGO sheets takes place.*® Despite
the great research on two-component storage materials incor-
porating graphene-related elements, the use of such materials
in Zn-ion capacitors is limited. Among the research challenges
to be addressed in two-component electrodes are the volume
expansion and self-aggregation of nanomaterials.*® In particu-
lar, rGO has been conjugated with NbPO,*' carbon nano-
tubes*> or Co,Ni,_,P** with the latter one presenting the
highest specific capacitance of 356.6 F g~'. However, there is
currently no report on the combination of rGO or other 2D
materials with metal halide perovskites to be applied as elec-
trode materials in Zn-ion capacitors.

In this work, we present for the first time the application of
room temperature synthesized metal halide perovskite-rGO
conjugated materials as electrodes in Zn-ion capacitors. Such
conjugation has been realized via a femtosecond laser-induced
process, which enables fine tuning of the areal density of
nanocrystals anchored onto the rGO sheets while keeping the
nanocrystals’ size, morphology and crystallinity unaffected. It
is shown that rGO functions as a conductive channel for
charge transfer and energy storage via surface adsorption and
desorption (electric double layer storage mechanism), as well
as a template to induce the growth of individual metal halide
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perovskite nanocrystals, which are responsible for the
additional pseudocapacitance recorded. One of the benefits of
this photo-induced method is the uniformity of the anchored
nanocrystals, which is superior to that obtained with wet
chemistry methods.**™*¢

2. Results and discussion

Motivated by works on combination of different materials for
enhancing the electrodes’ storage properties in capacitors®’ >
as well as the unique electrochemical and thermal/strain
release properties of 2D materials,”**® the photo-assisted con-
jugation of metal halide perovskite nanocrystals with rGO
nanosheets has been investigated. This is the first time that
such a method has been utilized for the fabrication of poten-
tial electrode materials for Zn-based capacitors.

Specifically, well-crystalline and homogeneous photo-
luminescence (PL)-active CsPbBr; nanocrystals with a size of
around 11 nm were synthesized using a room temperature
approach based on ligand-assisted re-precipitation with slight
modifications of the protocol previously reported by Li et al.>*
(Fig. S1 and S27). Prior to the conjugation with amine-functio-
nalized rGO, the exfoliation of bulk-like sheets was necessary
(Fig. S31). The thickness of the liquid-phase exfoliated sheets
was determined to be 2.3 + 0.2 nm. The two materials, namely
the purified nanocrystals (Fig. 1a) and the exfoliated rGO
sheets (Fig. 1b), were dispersed in a common solvent (toluene)
(Fig. 1c) and irradiated with a femtosecond laser of 1026 nm
wavelength using the set-up illustrated in Fig. S4.f Previous
work of our group revealed the successful conjugation of per-
ovskite nanocrystals (~100 nm) and GO sheets upon
irradiation with a femtosecond laser of 513 nm wavelength.’*
In this work, irradiation with few-femtosecond pulses of
1026 nm wavelength under mild intensity conditions was
efficient enough for the homogeneous distribution of small-
sized perovskite nanocrystals (~11 nm) on the rGO sheets.
Notably, the tuning of the nanocrystals’ density anchored onto
the rGO sheets upon irradiation with different numbers of
irradiation pulses has been demonstrated (Fig. 1d-h).

Anchoring of nanocrystals was initially achieved by simple
mixing of the two different materials’ dispersion in a common
solvent, attributed to the presence of amine functional groups
on the rGO sheets (Fig. 1c). Subsequently, the number density
of the anchored nanocrystals can be progressively increased
upon irradiation (Fig. 1d-g). This was also confirmed by the
suppression of PL upon laser irradiation (Fig. 1i). At the same
time, the morphology and crystal structure of the perovskite
nanocrystals were not altered upon irradiation, at least for the
number of pulses below 10° (Fig. 1 and Fig. S51). For a higher
number of pulses, aggregation of nanocrystals was observed
(Fig. 1h). In addition, Raman spectra recorded before and after
irradiation verified the non-alteration of the rGO component
even after 60 million pulses (Fig. S61).

The perovskite nanocrystal-rGO conjugates formed upon
irradiation with 10° pulses were selected for their use as elec-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Transmission electron microscopy (TEM) images of the metal halide perovskite nanocrystals (a), the amine-functionalized rGO sheets (b), a
mixture of the two materials in toluene prior to irradiation (c), the conjugated dispersions after irradiation with 100—1 million pulses (d—h), and the
corresponding PL curves (i). Insets in (a) and (b): digital photographs of the perovskite nanocrystals’ and rGO sheets’ toluene-based colloidal

dispersions.

trodes in Zn-ion capacitors, due to the large number density
and homogeneous distribution of individually anchored nano-
crystals on the sheets (Fig. 1g). Specifically, the conjugates
were deposited on a Ni substrate by drop-casting from the
solution and subsequently covered by a thin layer of TiO, de-
posited via pulsed laser deposition (PLD). As demonstrated in
our previous works on Li-air batteries, the TiO, layer contrib-
utes significantly to the improved stability of the perovskite-
based electrodes.’”

The cyclic voltammetry (CV) curves of the conjugate-based
electrodes were examined at a scan rate of 100 mV s* for a
potential range of —0.5 V to +1.0 V. A nearly quasi-rectangular
curve was observed with a broad cathodic hump at approxi-
mately +0.65 V and an anodic hump at approximately +0.48 V,
implying a pseudocapacitance behavior originating from the
metal halide perovskite nanocrystals (Fig. 2a). In addition, a
larger integral area and a two order higher magnitude of
specific current were observed compared to the single-com-
ponent electrodes (pure rGO or perovskite nanocrystals),
suggesting a higher specific capacitance when the area of the

This journal is © The Royal Society of Chemistry 2024

CV curve is proportional to the specific capacitance (Fig. 2b
and c).

The excellent stability of the conjugation-based electrodes
during the continuous Zn”" intercalation/deintercalation scans
was confirmed by the similarity of the CV shapes obtained
from the first to the 100" scan (Fig. 2a). This behavior was in
contrast to the single-perovskite nanocrystal electrodes that
presented degradation from the very first cycling process
(Fig. 2¢).

To account for the mechanisms taking place during the
Zn>" intercalation/deintercalation within/from the conjugated
materials, the CV characteristics were recorded at lower than
100 mV s™' scan rates ranging from 4 to 10 mV s~ (Fig. 2d).
As was expected, the specific current was enhanced with an
increase in the scan rate. Moreover, the peaks at ~—0.36 V
(cathodic/reduction) and ~+0.56 V (anodic/oxidation) were
shifted to more negative and positive values respectively, due
to the electrochemical polarization effect.® Such an effect is
attributed to the accumulation of charge on the electrode
surface, which can result in a shift in the potential required

Nanoscale, 2024, 16, 6455-6463 | 6457
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Fig. 2 Cyclic voltammograms of the anodes based on metal halide perovskite nanocrystal-rGO conjugates (a), pure rGO (b), and pure metal halide
perovskite nanocrystals (c) that were traced at a constant scan rate of 100 mV s™* and following a series of consecutive scans shown in the legends;
cyclic voltammograms obtained at 4-10 mV s~ (d). The inset shows the linear fitting used for the calculation of the b value; time dependence of
the potential for the 1%, 50" and 100" scans at an applied specific current of 0.8 A g (e). The inset shows a histogram plot comparing the specific
capacitance between the conjugation-based electrodes (black column) and single-component electrodes (red and green columns for rGO and per-
ovskite nanocrystals respectively); cyclic stability of the conjugation-based electrode (f).

for the oxidation (to more positive values) and reduction (to
more negative values) processes. The relationship between the
peak current, I, and the scan rate, v, obeys the equation I = a?,
where a and b are empirical constants. Specifically, the b value
could be used to evaluate the energy storage mechanism; for b
= 0.5, a diffusion-controlled process takes place, while for b =
1.0, a surface capacitive-controlled process occurs.”®”” By line-
arly fitting log(I) as a function of log(v) in Fig. 2d, the b value
was estimated to be 0.5 for the anodic peak (Fig. 2d inset),
which implies a diffusion-controlled process. In contrast,
upon increasing to a rate of 100 mV s™* (Fig. 2a), such anodic/
cathodic peaks were not detectable, indicating that the storage
mechanism can be explained as an interplay between faradaic
(pseudocapacitance) and non-faradaic processes. It is there-
fore a combination of Zn ion intercalation/deintercalation into
the perovskite together with their adsorption on the rGO
surface.

6458 | Nanoscale, 2024, 16, 6455-6463

In addition, the characteristic curves obtained from galva-
nostatic measurements deviated from the typical triangular
shape, providing additional evidence for the combination of
the pseudocapacitance with the faradaic capacitance.”® For the
estimation of the specific capacitance, the equation Cg, = (I
xt)/(AV x m) was used, where Cg, is the specific capacitance by
mass of the active material, I is the applied current, ¢ is the
charge time and m is the mass of the active material.>® It was
found to be 107 F g~ for the perovskite-rGO conjugates,
600 mF g~' for pure NH,-functionalized rGO and 700 mF g~*
for the pure perovskite electrodes (Fig. 2e inset). The enhance-
ment of the specific capacitance observed in the case of the
metal halide perovskite nanocrystals-rGO conjugated electro-
des can be attributed to the fact that rGO serves as a conduc-
tive channel for charge transfer. As a result, it not only
improves the overall conductivity of the electrode, but also acts
as a flexible template to facilitate the growth of individual

This journal is © The Royal Society of Chemistry 2024
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metal halide perovskite nanocrystals that are responsible for
the pseudocapacitance. It is important to mention that there is
currently no report on the use of metal halide perovskite nano-
crystals as pseudocapacitance elements for the enhancement
of the specific capacitance of rGO electrodes in Zn-ion
capacitors.

What is also observed is that the attainable potential differ-
ence value is higher for the perovskite-rGO electrodes, imply-
ing a more effective Zn>" intercalation/deintercalation process
compared to that occurred in the pure perovskite nanocrystal
electrode (Fig. S7f). As a result, the conjugated structure
enables a higher amount of charge storage and as a conse-
quence a larger specific capacitance. Based on the time-depen-
dence of the potential difference (Fig. S71), a time constant
can be calculated, defined as the time taken for V. (potential
difference across the electrodes) to achieve a maximum value
of 63.2% denoted as Vg, which corresponds to the value of the
supply. Indeed, the time constant was estimated to be shorter
in the case of the conjugated electrodes (i.e. 13.07 s) compared
to those of the pure perovskite (i.e. 19.74 s) and pure rGO (i.e.
12.00 s) ones, indicating the shorter time required to attain
the saturated charge conditions.

The performance stability of the electrodes is of crucial
importance for energy storage applications. The conjugated
electrodes developed in this work presented excellent stability
behaviour, as the capacitance retention was preserved to
100%, even after 100 continuous Zn>" intercalation/deinterca-
lation cycles at 0.8 A g~ * (Fig. 2f). This performance is in con-
trast to that of pure perovskite electrodes, where degradation
was observed on the very first cycles, as mentioned above
(Fig. 2c). This result stands as a proof-of-concept approach for
the enhancement of capacitance resulting from the conju-
gation of perovskites and rGO flakes.

By comparing our results with other all-inorganic two-com-
ponent graphene-related materials used in capacitors (includ-
ing or not a complete capacitor cell) to date, it is clear that the
metal halide perovskites-rGO electrodes due to the effective
synergy of the EDLC and pseudocapacitance present the
highest capacitance enhancement (Fig. 3a green arrow,
Table S1f) and even if the amine-functionalized rGO was
finally found, it was not the ideal choice because its EDLC
capacitance was considerably low compared with other rGO
electrode materials reported in the literature. As mentioned
earlier in the text, the capacitance of the graphene-related
materials in Zn-ion capacitors is correlated to the number of
their defects, functional groups and impurities. Among the
hybrid systems with the highest enhancement reported to date
are the MnO,-graphene®®®' one and the MnSiO;-GO hybrid
composites.”” It is important to notice here that the enhance-
ment observed for our conjugates cannot be directly compared
with the reported materials, as the electrolyte concentration
utilized in these systems was practically double and based on
monovalent ions (i.e. H', K", and Na"), making it easier for the
ions to intercalate.

One can then realize that there is limited exploration of the
investigation of all-inorganic two-component graphene-related

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Plots depicting the comparison of the capacitance enhancement
compared to the values of single-2D material electrodes (a) and their
corresponding specific capacitance in F g~* (b) of the CsPbBrs nanocrys-
tal-rGO conjugates (indicated by the green arrow) with two-component
hybrid systems reported to date. The Zn-ion capacitors are shown in the
yellow box. The materials that are presented in this figure are: Zn/rGO,*?
MnO,/rGO,?® Co304/rGO,** Fe304/rGO,*® ZnO/rGO,** ZnO/Gr,** SnO,/
Gr,%* Co304/Gr,* Co(OH),/Gr,®® Ce0,/Gr,*> Mn0O,/Gr,°® Fe;04/Gr,”
MnO,/Gr,%8 carbon black (CB)/Gr,%° Pt/Gr,”® MnO,/Gr,?” MnSiOs/GO,*
MnO,/GO,?° silver-doped MnO,/GO,** MnO,-G,** Mn0,/G,%° NbPO/
rGO,* carbon nanotubes (CNTs)/rGO,*? and Co,Ni,_P/rGO,** where
rGO: reduced graphene oxide, Gr: graphene, GO: graphene oxide, and
G: graphite.

materials as potential electrode components in Zn-ion capaci-
tors, with only four studies reported so far (Fig. 3b). The
capacitance enhancement in these hybrid systems cannot be
quantified, as the capacitance of the pure graphene-related
electrodes was not provided in these studies. The capacitance
of metal halide perovskite-rGO conjugates is similar to that of
the NbPO/rGO*! ones, but lower than that of Co,Ni,_,P/rGO.*?
It is worth noting that our electrolyte concentration is four
times lower than the one reported for the latter system. This

Nanoscale, 2024, 16, 6455-6463 | 6459
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highlights the potential advantages of reduced cost, improved
safety and enhanced environmental friendliness. It should be
noted that the synthesis of the latter material required a pro-
longed and high temperature process at 180 °C for 16 hours.
Nevertheless, compared to the carbon nanotubes/rGO compo-
sites,"> the capacitance of the electrodes presented in this
work is ~4 times higher even upon using four times lower elec-
trolyte concentration.

3. Conclusions

Conjugated systems obtained by the attachment of metal
halide perovskite nanocrystals onto rGO flakes through a laser-
triggered method exhibited promising performance for Zn-ion
capacitors. This is attributed to the synergy of the EDLC and
pseudocapacitance originating from the different components
involved. In particular, they showed a specific capacitance
value of 106 F g~ with an excellent stability remaining 100%
after 100 continuous Zn>"* intercalation/deintercalation scans.
The CsPbBr;-rGO electrode exhibited the best stability and the
highest specific capacitance compared with the single-com-
ponent (i.e. rGO and CsPbBr; nanocrystals) electrodes. Overall,
the room temperature laser-triggered technique selected for
the conjugation of the two components provides a distinct
avenue for the cost-effective and large-scale synthesis of pre-
cisely tailored perovskite-2D conjugates. This process allows
one to bring together nanocrystals with various morphologies
and chemical phases, along with multiple 2D materials, in the
pursuit of discovering the most optimal combinations.
Different 2D materials with large electrolyte contact areas and
numerous energy storage active sites may serve as alternatives
to the low capacitance NH;-functionalized rGO for enhancing
the capacitance of the conjugated systems. These efforts are
aimed at further enhancing the electrochemical performance
and long-term stability of the electrodes in Zn-ion capacitors.
In addition, the data obtained in this work are a good basis for
further study of perovskite-rGO conjugates through the
control of the electrolyte concentration and pH value to
enhance further the electrochemical performance. In this par-
ticular study, our emphasis was on exploring the utilization of
metal halide nanocrystals conjugated with rGO flakes as elec-
trodes for capacitors, establishing a foundational framework
for subsequent investigations. Future work will assess the elec-
trode performance in capacitor devices after further elevating
their capacity.
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