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A B S T R A C T

The increasing need for energy storage systems in the transition to renewable energy is accelerating the search 
for sustainable raw materials, with hyperaccumulator plants offering unique, untapped sources by capturing and 
processing electroactive metals like nickel (Ni) into their carbon matrix. In this study, we investigated broccoli's 
ability to absorb and process Ni, a metal that significantly contributes to enhanced energy storage capacity. 
Unlike traditional phytoremediation, we focused on producing carbon-based materials with electrochemical 
performance rather than environmental recovery. To demonstrate our ecoconscious concept, broccoli plants 
were exposed to varying Ni concentrations (0, 0.4, 0.8, 1.6, and 3.2 g/L) over 10 weeks, producing shoot dry 
biomass with Ni contents from <20 to 492 mg Ni/kg. Following pyrolysis at 650 ◦C, the resulting biochar was 
used as electroactive material for supercapacitor applications. Surprisingly, the best performance was observed 
in plants with 152 mg Ni/kg, with the bionanocomposite exhibiting a specific capacitance of 38 F/g at the scan 
rate of 100 mV/s and excellent capacitance retention of 94 % over 5000 cycles at 10 A/g. The supercapacitor 
prototype presented a maximum energy density of 0.762 Wh/kg at 184 W/kg power density. This unexpected 
finding suggests altered plant metabolism as a potential explanation, offering new insights and raising scientific 
questions about engineering hyperaccumulator plants for sustainable energy storage applications.

1. Introduction

Nickel (Ni) is one of the most common trace metals discharged into 
the environment by natural and anthropogenic activities. Natural pro
cesses (rock erosion, weathering, and volcanic eruptions), industrial 
activities (industry effluents, mining activities, electroplating, batteries, 
and paint industries), various agricultural products (fertilisers and pes
ticides), and urban sources (municipal sewage sludge and landfills) are 
primary sources of Ni contamination in terrestrial ecosystems [1,2]. 
Both natural and anthropogenic sources contribute to Ni enrichment in 
soils. However, bioavailability is much lower in naturally enriched soils 
compared to those contaminated by human activities, even when total 
Ni levels are similar [3]. Soils contaminated with Ni have been reported 
to contain concentrations ranging from 0.2 to 450 mg/kg [4]. In 
contaminated soils, Ni is adsorbed onto clays, oxides, hydroxides, or 

humic substances. The nature and strength of this bonding are influ
enced by soil physicochemical properties, thereby governing the release 
of Ni from contaminated soil surfaces into the soil solution and its 
subsequent bioavailability [5].

While Ni contamination in soils has detrimental effects on the 
biosphere, some Ni species offer high conductivity and potential for 
electrochemical energy storage and have been intensively studied for 
batteries and supercapacitors [6]. Ni oxides and hydroxides can exhibit 
reversible electrochemical capacity even when charged at a high cut-off 
voltage in various battery applications when used as a redox centre. The 
distinct oxidation states of Ni2+ and Ni3+ can be attained in common 
cathode materials, while higher specific capacity is achievable using the 
Ni2+/Ni4+ redox couple [6]. Integrating Ni-based compounds with 
carbon materials to boost electronic conductivity and design carbon 
structures featuring porous, hollow, and hierarchical properties is the 
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most effective approach for achieving exceptional properties in elec
trochemical energy storage [6].

This critical role of Ni in enhancing the performance of batteries and 
supercapacitors is essential for supporting the transition from fossil fuels 
to renewable energies, establishing Ni as a fundamental raw material in 
this sector [6,7]. High-power energy storage devices are vital in 
capturing and storing excess energy produced by intermittent sources 
for later use. Hence the sustainability of electroactive material sources is 
crucial in facilitating the transition to cleaner energy. However, current 
technologies fall short of meeting sustainability and CO₂ footprint 
criteria because the active electrode materials are primarily sourced 
through energy-intensive mining processes [8,9]. Also, given the 
growing demand for Ni and its high price, there is high pressure on 
developing energy storage systems based on green, sustainable, and 
economically affordable materials. Sustainable solutions for Ni extrac
tion can emerge from soil clearance through phytoremediation pro
cesses, a gap we aim to explore.

Among the different processes (soil washing, electro-remediation, 
vitrification, etc.), phytoremediation is one of the most sustainable, 
eco-friendly, and economical approaches for remediating Ni- 
contaminated soil [2]. Plants uptake bioavailable Ni through passive 
diffusion (utilising the cation transport system) and actively transport 
chelated Ni compounds (using transport proteins like permeases) [5]. 
The ratio of active and passive uptake of Ni depends on the plant species, 
presence of organic matter, the ionic form of Ni, pH of growth media, 
and Ni and other ions contents in soil [10]. Once inside the plant, Ni is 
transported via the xylem (from roots to shoots and leaves) through the 
transpiration stream. In contrast, in the phloem (towards buds, fruits, 
and seeds), Ni transportation is regulated by metal-ligand complexes (e. 
g. histidine, nicotinamide, organic acids, and specific Ni binding pro
teins) [5]. A higher value of Ni translocation from root to shoot has been 
pinpointed as one of the factors responsible for higher growth under Ni 
toxicity [11]. To prevent the disruption of essential cellular processes (e. 
g., photosynthesis), once in the plants, Ni is primarily stored in 
epidermal cells and cell vacuoles through iron-regulated/ferroportin 
(IREG/FPN) transporters or by chelation with N- and S- rich ligands 
[4,10,12]. Cell walls may also contribute to metal detoxification 
depending on the plant species, with the apoplast cell walls potentially 
containing 60–70 % of accumulated Ni [10]. The compartmentalisation 
of hyperaccumulated Ni and their possible cell wall connections are still 
controversial [10]. While Ni is necessary for improving plant develop
ment and growth (0.05–10 mg/kg dry weight) it can reach values >50 
mg/kg dry weight in tolerant species [10].

Ni plays varied roles in energy storage devices. Pure Ni compounds 
are renowned in batteries for their stable performance and capacity over 
numerous cycles [13]. For supercapacitors, incorporating Ni into bio
char derived from plant material is expected to enhance conductivity, 
redox reactivity, surface area, and overall stability, similar to improve
ments observed in other metal-containing carbon matrices [14–17]. This 
is expected to result in a significantly improved electrochemical per
formance compared to biochars without Ni loading.

Our work explores using this novel ecoconscious electroactive ma
terial concept for supercapacitors. Biomass-derived carbon materials 
have been extensively researched as efficient electrode candidates due 
to their well-developed tailored textures (closed pores and defects) and 
large microcrystalline interlayer. The carbonisation of plant biomass 
makes it possible to produce environmentally friendly materials with the 
desired properties [18]. While traditionally, phytoremediation has not 
focused on final metrics [19,20], the challenge lies in defining the up
take conditions that yield optimal electrochemical performance.

In this paper, we investigate the electrochemical performance of Ni- 
contaminated biochar derived from broccoli, a Ni-hyperaccumulator 
plant [21–23] cultivated in soils with varying cumulative Ni concen
trations, to demonstrate its potential for electrode development.

2. Materials and methods

2.1. Reagents

Nickel solutions used for plant watering were formulated using 
nickel nitrate hexahydrate [Ni(NO3)2]. In preparing the active material- 
based ink, both polyvinylidene difluoride (PVDF) and N-methyl-2-pyr
rolidone (NMP) were used as received. All reagents are from Sigma- 
Aldrich. The electrochemical characterisation was performed using so
dium sulphate (Na2SO4) from Carl Roth. KOH 85 % pellets (Panreac 
Chemicals, Barcelona, Spain) were ground and subsequently used to 
prepare carbon-activated samples.

2.2. Plant and soil material

Broccoli (Brassica oleracea var. italica) seedlings, each with four 
leaves, were bought from a local plant supplier (Viplant, Portugal). 
These seedlings grown in cuvettes were transplanted into individual pots 
with a diameter of 12 cm, utilising a universal substrate, and irrigated 
with tap water. After 10 days, plants underwent a watering regimen 
twice a week, receiving solutions with varying nickel concentrations 
(Ni) - 0, 0.4, 0.8, 1.6, and 3.2 g/L, and grown outside to simulate ‘field’ 
conditions (Portugal, Lisbon). For a cumulative exposure to nickel (Ni), 
each plant received irrigation with 10 mL of solution for 3 weeks. Over 
the subsequent 6 weeks, as plant weight increased, the irrigation volume 
per plant for each solution was increased to 30 mL. By the 10th week, 
soil and shoots were collected and dried in an oven (Memmert) at 50 ◦C 
for several days until a steady dry weight was achieved. Experiments 
were made in duplicate. Whenever necessary, a universal insecticide 
(containing 0.2 % w/w tetramethrin and 0.1 % w/w 1R-trans-pheno
thrin) was applied for pest control, ensuring its usage remained below 
phytotoxicity thresholds.

2.3. Determination of Ni in plant biomass and soils

For the determination of Ni content, inductively coupled plasma 
optical emission spectroscopy (ICP-OES) analysis was used with 150 mg 
of dried aerial parts or substrates that were digested with 4 mL of nitric 
acid and 1 mL of hydrochloric acid (both from Sigma-Aldrich) in a mi
crowave system (Ethos Touch control, Milestone Inc.). Ni content was 
determined with an Optima 2000DV spectrophotometer (Perkin Elmer).

2.4. Preparation of Ni-doped biochar

A methodology was proposed for the obtention of plant-derived 
biochar. Initially, a pyrolytic treatment was approached. For this pur
pose, the dry plant was powdered and placed in a ceramic crucible. It 
was treated in a Carbolite STF 15 tubular furnace with an N2 flow rate of 
150 mL/min to act as a gas carrier during the heating ramp (10 ◦C/min) 
up to 650 ◦C and maintained for 2 h. Once finished, the reactor cold 
down slowly to room temperature. Carbon activation with KOH was 
achieved by mixing the powdered precursor with KOH in a 1:2 ratio 
before the heat treatment in an alumina crucible. The obtained solid was 
washed using MilliQ water until a neutral pH was reached.

2.5. Physicochemical characterisation

For the analysis of biochar, the specific surface areas were calculated 
from N2 physisorption isotherms by the Brunauer-Emmett-Teller (BET) 
method, and the pore size distribution (PSD) was calculated from the 
desorption branch of the isotherm using the Barrett-Joyner-Halenda 
(BJH) approach. Also, scanning electron microscopy (SEM), Scanning 
Transmission Electron Microscopy (STEM), X-ray diffraction (XRD) and 
both elemental point analysis and mapping were performed with 
energy-dispersive X-ray spectroscopy (EDS). A detailed description is 
provided in SI.
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2.6. Electrochemical characterisation

SI describes detailed electrochemical responses of electrodes, 
accessed by cyclic voltammetry (CV), electrochemical impedance spec
troscopy (EIS), and galvanostatic charge-discharge (GCD).

3. Results and discussion

3.1. Simulated plant phytoremediation

To simulate contaminated soils, where plants are exposed to cumu
lative amounts of nickel (Ni) from the surrounding environment, broc
colis were consistently watered over time with the same nickel solution, 
i.e. 0, 0.4, 0.8, 1.6, and 3.2 g Ni/L. Treatments involving Ni correspond 
to cumulative concentrations of 0 (A), 0.1 (B), 0.3 (C), 0.6 (D), and 1.2 
(E) g of Ni per 9 weeks (Fig. 1 a). Effectively, these treatments resulted in 
soil contaminations of 0.5 g Ni for treatments A and B, showing that 
residual Ni contents are typically present in soils. This result agrees with 
Ni being recognised as a natural component of soils [24]. Treatment C 
resulted in 1.2 g Ni. Treatment D, with 5.5 g Ni, has 10× more Ni than 
treatment B, and approximately half the amount is found in treatment E 
(10.2 g Ni) (Fig. 1 b). Statistically, differences in Ni content in soils are 
depicted between conditions D and C and A or B. These values fall within 
the lower range of Ni content in soils, as concentrations can vary widely, 
ranging from 3 to 1000 mg/kg in heavily contaminated soils [24].

After uptake, Ni is distributed throughout the aerial parts of plants 
and finally accumulates within the cellular structures. Ni is reported to 
translocate readily into the stellar tissue, facilitating its movement to the 
aerial parts of plants [23,25,26]. Therefore, the cumulative impact of Ni 
content in soils on broccoli, a known hyperaccumulator plant [21], was 
assessed by evaluating the effect on broccoli shoot morphology, accu
mulated Ni, and fresh and dry mass (Fig. 2).

No morphological differences were detected in the plants during the 
first 3 weeks of Ni uptake. Upon an increased volume of watering so
lution, the first yellowish leaves appeared 2 weeks later (data not 
shown). After 10 weeks (Fig. 1a), A-C treated plants exhibited typical 
dark green leaves, with some older leaves appearing dried. D-treated 
plants showed slightly smaller leaves, while E-treated plants displayed 
compromised growth, including decreased size and smaller, damaged 
young leaves. Still, quite a ticker young stem (Fig. 2a). Comparing the Ni 
content in soils (Fig. 1b) with that in shoots, statistically significant 
differences were observed only in treatment E, with 492 mg Ni per fresh 
weight. While other treatments showed no statistically significant dif
ferences, there was a clear increasing trend from around 20 mg Ni per 
fresh weight (A and B), 48 mg Ni per fresh weight (C), to 152 mg Ni per 
fresh weight (D) (Fig. 2b). In terms of fresh and dry weight. However, 
there was a decreasing trend with increasing Ni content; no statistically 
significant differences were depicted (Fig. 2c, d). This observation may 
be attributed to the decrease in leaf size being offset by an increase in 

stem thickness, which is particularly noticeable in treatment E (Fig. 2a). 
Similarly, an average water content of approximately 81 % was 
observed for all studied plants.

We observed reduced growth and leaf sizes in agreement with other 
brassica varieties exposed to Ni. Conversely to our findings, altered 
water contents were reported for cabbage (Brassica oleracea var. cap
itata) [27]. These morphological effects may be attributed to disrupted 
metabolic pathways. While Ni is an essential element for plants, excess 
amounts can lead to toxicity symptoms. Responses to toxicity vary 
significantly depending on factors such as plant species, growth stage, 
cultivation conditions, Ni concentration, and exposure time. Critical 
responses generally occur due to disruptions in photosynthesis, inter
ference with other essential metal ions, and induction of oxidative stress 
[21,28].

Nickel damages the photosynthetic apparatus at nearly every level of 
its organisation, from destroying mesophyll and epidermal tissue cells to 
leading to disturbances in carbon metabolism [28]. The chemical simi
larity of Ni to Ca, Mg, Mn, Fe, Cu, and Zn allows Ni to compete with 
these metals in absorption and transpiration processes. Consequently, at 
high concentrations, Ni toxicity may partially result from disrupting the 
absorption of these essential metal ions [28], many of which have 
relevant electrochemical performance [29]. While some reports indicate 
deficiencies in these metals, others highlight increased Fe and Mn con
centrations in Ni-rich soils, illustrating the complexity of plant systems 
adapting to elevated Ni concentrations [30]. Also, Ni acts as a cofactor 
for urease, an enzyme crucial for N metabolism. Urease plays a primary 
role in N assimilation, as it becomes accessible for plant assimilation 
only after hydrolysis for ammonia and carbon dioxide. N metabolism, 
associated with photosynthetic carbon absorption, is critical in plant 
development [31]. Another aspect of Ni toxicity is the heightened pro
duction of reactive oxygen species (ROS). This has been associated with 
lipid peroxidation, destabilised membranes, disrupted activities of 
membrane-bound enzymes, and ultimately altered plant carbon struc
ture [25,32,33]. Biochar derived from close Ni concentrations (B, C and 
D) was analysed to evaluate the impact of Ni stress on the structural 
properties of the carbon matrix. Fig. 3 summarises the data obtained 
from the BET analysis of the N2 adsorption isotherms for samples with Ni 
concentrations of 0.4 (B), 0.8 (C), and 1.6 (D) g Ni/L. As observed, the 
higher the Ni content, the higher the specific surface area. An increase in 
the surface area in the presence of Ni was also described by Yang et al. 
[34]. The area's rise is led by the increasing porosity found when ana
lysing the total pore volume (VT). This effect is remarkable considering 
that the pore size (as pore diameter, dp) decreases with the Ni content, 
leading to a material that is close to the value established for micropo
rosity (≤ 2 nm). The reduction in pore size has been attributed previ
ously [35] to the interaction of the Ni salts with their carbon 
environment during the pyrolytic process.

The physicochemical properties of shoot-derived biochar of plants 
collected from soils loaded with Ni with statistically significant 

Fig. 1. Ni content in soils after watering with solutions containing 0 (A), 0.4 (B), 0.8 (C), 1.6 (D), and 3.2 (E) g Ni/L for 9 weeks; (a) calculated cumulative Ni content 
and (b) Ni content determined by ICP-OES. Data are presented as mean ± %CV. Statistically significant differences are denoted by distinct letters at p ≤ 0.05.
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differences in the Ni content, i.e. A, D and E (Fig. 1b) were analysed by 
SEM (Fig. S2), HR-TEM and XRD (Fig. 4).

SEM images show shoot-derived biochar structures with a porous 
microstructure (Fig. S2). The resulting morphology results from the 
organisation of the lignocellulosic vessel tissue, as is usual in prepared 
plant-derived biochars [36,37]. The detailed analyses of biochar, made 
by HR-TEM, showed a uniform distribution of C and O in conditions A, 
D, and E (Fig. 4a). While S was residual in the biochar of A, localised 
distribution was seen in D. Homogeneous distribution was depicted in E 
(Fig. 4a). This element has been associated with detoxification mecha
nisms used by hyperaccumulator plants to cope with high Ni contents. 
Most metal ions are bound to ligands and proteins with a low molecular 
mass, with only a tiny fraction of metals present as free ions. To do so, 
plants produce several metal ligands, many of which are thiols, 
including glutathione, phytochelatins, and metallothioneins [38]. 
Increased glutathione content was reported in some Ni hyper
accumulators, suggesting a potential mechanism for protection against 
Ni-induced oxidative damage in these plants [39]. Also, heightened 
activity of the S assimilatory pathway enzyme, specifically 

mitochondrial serine acetyltransferase, was found to be correlated with 
enhanced glutathione synthesis [39].

Among the main cations detected in hyperaccumulator plants, K was 
the major, followed by Ni, Ca, Mg, and Fe [40]. These were also the main 
elements identified by EDS in broccoli biochar (Fig. S3). A clear corre
lation emerged between Ni levels in the biochar and K or Mg contents 
(Fig. 4a), which mirrors the previously established relationship between 
heightened Ni and K or Mg concentrations in hyperaccumulators 
[26,41,42]. Reports suggest that the elevated osmolarity within the 
vascular system of hyperaccumulators, characterised by exceptionally 
high Ni concentrations in the phloem, may impact various physiological 
processes such as respiration and stomatal function. Consequently, this 
could affect K uptake and plant regulation [26,41]. Likewise, positive 
correlations were identified between Ni and Ca in plants [26,41]. Since 
leaves often harbour calcium oxalate crystals, which have an affinity for 
both Ca and Ni, oxalate may function as a regulatory molecule influ
encing the accumulation of these elements. Also, it has been suggested 
that the formation of crystals containing metal inclusions and their 
storage in vacuoles could serve as a potential mechanism to mitigate the 

Fig. 2. Effect of Ni soil content in broccoli shoots watered with Ni-containing solution: 0 (A), 0.4 (B), 0.8 (C), 1.6 (D), and 3.2 (E) g Ni/L for 9 weeks; (a) micrographs, 
(b) Ni content obtained by ICP-OES, (c) fresh weight and (d) dry weight. Data are presented as mean ± %CV for Ni content and SE for weight. Statistically significant 
differences are denoted by distinct letters at p ≤ 0.05.

Fig. 3. Structural properties of the prepared Ni-loaded biochar (a) graphical representation of surface area (ABET) and pore size (dp) according to Ni concentration in 
the biochar, based on the data reported for each plant biochar.
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toxic effects of metals in plants [26].
The distribution of P closely mirrored that of O (Fig. 4a), indicating a 

preference for phosphate formation in plants cultivated in the presence 
of Ni (D and E). Conversely, residual P contents coincident with O 
mapping in plants grown without Ni (A) suggest minimal phosphate 
formation (Fig. 4a). These observations collectively support that Ni(II)- 
phosphate complexes may also be forming. The absence of O in EDS 
mapping (Fig. 4a row E) suggests the formation of metallic Ni nano
particles with sizes around 100 nm (Fig. 4). The XRD patterns in Fig. 4b 
display typical peaks of plant-derived biochar [43] alongside a new peak 
observed in E around 43◦, corresponding to metallic Ni formation, as 
evidenced by its diffraction maximum at this 2θ value [44]. This is 
further corroborated in Fig. 4a, c, where no direct correlation between 
the amount of Ni and O exists, denying the presence of Ni oxides. High 
levels of C naturally found in plant biomass may contribute to the for
mation of Ni carbides, providing a potential explanation for peaks at 39◦

and 42◦ (Fig. 4b). In plants, various carbon sources contribute to the 
composition of biochar, with components such as the cell wall matrix 
being notably persistent. For instance, studies demonstrating that cell 
walls can accumulate high concentrations of Ni [45] further support our 
assumption. The presence of Fe (Fig. 4c) and diffraction maxima for 
metallic iron (α-Fe) found at around 44◦ angle values (Fig. 4b) [46] 
suggests as well the formation of metallic nanoparticles. The preferred 
formation of Ni and Fe metallic phases instead of their oxide counter
parts during the preparation of activated carbon nanocomposites under 
an inert atmosphere has been previously observed, independently of the 
nature of the carbon source (biological [47] or synthetic [48]). The 
reducing character of carbon has been proposed as the cause of 
obtaining metal particles instead of their oxides. While the formation of 
metallic Ni nanoparticles has been ascribed, its distribution across the 
biochar matrix has been analysed by examining the Ni distribution over 
C, revealing a relatively uniform dispersion of Ni within the carbon 

matrix (Fig. 4d).
Electrodes made solely of pure carbon are commercially used in 

supercapacitors and rely on the electrochemical double-layer mecha
nism for charge storage. Usually, these devices exhibit modest energy 
density, thus limiting their possible range of applications. Incorporating 
Ni and Fe within commonly used carbon-based materials can provide 
abundant active sites and additional conductivity, thereby enhancing 
the electrochemical performance of these materials [14,15]. Metallic Ni 
and Fe have garnered significant interest as electrode materials by 
enhancing electron transport and boosting charge storage capacity 
[14–16]. As an example, in Ni:C nanocomposites with metallic Ni con
tent of 12 wt%, reversible capacities of 728 and 541 mAh/g at the first 
and 50th cycles were reported, corresponding to a capacity retention of 
75 % at the current density of 50 mA/g [49]; for core-shell structured 
C–metallic Fe anodes were reported to offer high electrochemical ac
tivity and stability, achieving a specific capacity of 208 mA/g at a cur
rent density of 1 A/g, and capacity retention of 93 % after 2000 cycles at 
4 A/g [15]. Also, hierarchically activated porous carbon from Mg-based 
metal-organic frameworks (MOF) was reported with a high specific 
capacitance of 362.5 F/g at 1 A/g and excellent cyclic durability with 
94.2 % capacitance retention over 150,000 cycles at 50 A/g [16].

Hence, evaluating the electrochemical performance of broccoli bio
char becomes crucial. This allows for assessing the contributions of el
ements such as Ni, Fe, and Mg, along with potential C matrix alterations, 
thereby defining their suitability for energy storage applications.

3.2. Contaminated biomass for tunned supercapacitor application

Traditional synthetic systems offer controlled component amounts in 
nanocomposites. Still, plant-derived biochar usage hinges on toxicity 
from the target element, like Ni, and metabolic impacts on other elec
troactive element uptake. Thus, electrodes derived from conditions A-E 

Fig. 4. Physicochemical characterisation of biochar derived from plants grown with Ni A (0 g/L), D (1.6 g/L) and E (3.2 g/L); HR-TEM images and EDS maps of (a) 
biochar and elemental maps of C, O, S, Ca, P and K, (b) Ni-based nanoparticles distributed in the biochar identified by Ni and C elemental distribution, (c) Ni-based 
nanoparticles composition identified elemental distribution of Ni, Fe and Mg, (d) XRD pattern of the biochar.
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underwent electrochemical performance testing.
The electrochemical response of all materials was evaluated through 

GCD and CV at different specific currents and scan rates, respectively, in 
a 1 M Na2SO4 aqueous solution. The active mass of the modified elec
trodes was approximately 1 mg. The optimum working potential win
dow was between − 100 and 650 mV vs. SCE. The specific capacitance, 
Cs, was determined from the GCD transients according to the equation: 

Cs =
i.td

m.ΔE 

Where td is the discharge time, i is the applied current, m is the active 
material mass, and ΔE is the working potential window. A detailed 
electrochemical characterisation of the sample without Ni is represented 
in Fig. S4. The cyclic voltammograms at lower (from 5 to 100 mV/s) and 
higher scan rates (from 100 to 500 mV/s), shown in Fig. S4 a and b, 
present an almost rectangular shape, even at high scan rates, which is 
characteristic of a capacitive response with high reversibility during the 

charge-discharge process. The GCD curves at different specific currents 
(from 0.5 to 10 A/g) present a triangular profile (Fig. S4 c) with 
Coulombic efficiency close to 100 % (Fig. S4 e) and low ohmic drop 
(from 3.4 to 68.1 mV). The specific capacitance as a function of the 
applied current is represented in Fig. S4 d. The electrode exhibited a 
specific capacitance of 40 F/g at 1 A/g and a good capacitance retention 
of about 82 % at 10 A/g. The capacitive behaviour is also visible in the 
impedance spectrum at lower frequencies, where the evolution of the 
Nyquist data points is almost vertical (Fig. S4 f). At high frequencies, the 
impedance spectrum presents a depressed semi-circle. These features are 
characteristic of a carbon material without any redox features. The 
equivalent electric circuit used for the numerical fitting of impedance 
spectra (Fig. S5a) was based on literature [50]. The model is constituted 
by the resistance of the electrolyte (RS), the distribution of charge in the 
frequency domain (CPE1), charge transfer resistance (RCT), Warburg 
impedance (W), double layer capacitance (CPES), and self-discharge 
resistance (RSD). The electrolyte and charge transfer resistances were 

Fig. 5. Electrochemical characterisation of electrodes composed of carbon with different Ni content: (a) Cyclic voltammograms at 40 mV/s, and (b) Percentage of 
capacitance contribution evaluated for all modified electrodes based on Trasatti analysis (Ci and Co are the inner and outer surface charge contributions, respec
tively); (c) GCD at 2 A/g; (d) Specific capacitance as a function of the applied current; (e) Specific capacitance and (f) Capacitance retention at 2 A/g as a function of 
Ni content.
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4.2 and 0.29 Ω cm2, respectively. The specific capacitance estimated 
according to the Brug equation [51] was 41.1 F/g, similar to the value 
obtained by GCD at 1 A/g (40 F/g).

The electrochemical characterisation of electrodes composed of 
carbon with different Ni content is summarised in Fig. 5. The cyclic 
voltammograms at 40 mV/s and GCD profiles at 2 A/g of the other 
samples present a similar shape (Fig. 5a and c), which is indicative of a 
similar charge mechanism. The absence of redox peaks corroborates the 
presence of metallic nanoparticles in the carbon matrix (Fig. 4). The 
specific capacitance and the capacitance retention as a function of the 
applied current of all samples are represented in Fig. 5d and e, 
respectively. The capacitance, despite decreasing slightly in B, shows an 
increase in samples C and D compared to the sample without Ni (A) 
(Fig. 5e). The biochar of Ni-watered plants (B-E) shows increased 
capacitance retention at higher specific currents (Fig. 5f). The presence 
of Ni (and possibly Fe and Mg) can lead on one hand to enhanced 
electron transport and charge storage capacity of carbons [14–16] and 
on another hand to the formation of more porous materials due to the 
easiest depolymerisation of lignocellulosic components within the 
biomass during the thermal treatment and to increased bond cleaving 
[17]. The electrochemical performance of these samples is well com
parable with the metrics of other biochar-based materials without 
functionalisation. Biochars from dairy manure and sewage sludge, 
loaded with Ni and without additional treatment, showed a specific 
capacitance, at 5 mV/s, of 39.1 and 33.2 F/g, respectively [52], while 
sample D (1.6 g Ni/L) exhibited a specific capacitance of c.a. 38 F/g at a 
high scan rate of 100 mV/s. Further comparisons with reported Ni-based 
electroactive materials for supercapacitor applications can be found in 
Table S1. Generally, biochar materials are still far from demonstrating 
specific capacitances comparable to Ni-MOF structures, underscoring 
the urgent need to enhance the electrochemical performance of these 
ecoconscious materials.

The capacitive contribution of the modified electrodes was further 

evaluated using Trasatti's method [53]. According to this analysis, the 
total charge stored comprises an inner and an outer surface charge. The 
inner contribution is less accessible and controlled by diffusion, while 
the outer is more accessible and non-diffusion controlled. As expected 
for a carbon-based material, the capacitance is mainly governed by the 
electrical double-layer contribution, which is expressed in the higher 
outer surface charge, as can be seen in Fig. 5b. The increase in the 
amount of Ni led to a rise in inner surface charge contribution, which 
aligns with increased porosity (Fig. 3), presenting a similar evolution to 
that of the specific capacitance as a function of the Ni amount (Fig. 5e).

The electrical parameters of impedance spectra (specific capaci
tance, solution, charge transfer and self-discharge resistances) of each 
modified electrode were estimated from the EIS fitting and are repre
sented in Fig. S5. The variation of capacitance as a function of Ni con
tent, shown in Fig. S5b, agrees with the results obtained by the GCD 
transients (Fig. 5e) and the estimated metrics. The electrolyte resistance 
is almost constant for all modified electrodes. The charge transfer 
resistance slightly increased with the increasing Ni load, while the self- 
discharge resistance decreased substantially. The self-discharge phe
nomenon was confirmed by open circuit potential evaluation for 30 min 
after a galvanostatic charge of electrodes at 1 A/g — the electrodes with 
lower Ni discharge faster, corroborating the impedance results.

The long-cycling stability of the modified electrodes was determined 
by GCD test for 5000 cycles at 10 A/g, as can be seen in Fig. 6. The 
electrodes present an excellent capacitance retention of about 94 % 
(Fig. 6a), maintaining a Coulombic efficiency nearly 100 % (Fig. 6b), 
and with an increase in the ohmic drop lower than 2 mV (Fig. 6c). The 
long-cycling test did not significantly affect the performance of the 
electrodes, which after 5000 cycles did not change noticeably in the 
shape of the GCD profile (Fig. 6c). Nyquist plots, before and after long 
cycling, are almost coincident at higher frequencies (Fig. 6d inset) and 
only present a slight increase in the imaginary part of the impedance at 
low frequencies after the stability test, which indicates a decrease in the 

Fig. 6. Extended cycling characterisation of all samples for 5000 GCD cycles at 10 A/g: (a) Capacitance retention, (b) Coulombic efficiency, (c) 5th and 5000th GCD 
cycles from sample D, and (d) Nyquist plots before and after 5000 GCD cycles at 10 A/g from sample D (dots – experimental data; line – fitted data).
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electrode capacitance (Zʹ́ = 1
jw C) (Fig. 6d). The solution resistance was 

4.7 Ω cm2, and the charge transfer resistance was 0.911 and 0.915 Ω 
cm2, before and after 5000 GCD cycles, respectively.

Finally, the modified electrodes that exhibited the best electro
chemical performance (sample D, 1.6 g Ni/L), namely the highest spe
cific capacitance, were used to assemble a symmetric cell and test the 
performance of a supercapacitor prototype. The active mass of each 
electrode was 1 mg. The electrochemical response of the device was 
evaluated by GCD and CV in 1 M Na2SO4 with a working potential 
window of 750 mV, as obtained for the 3-electrode configuration. The 
specific capacitance was calculated using eq. 1 but considering the total 
active mass of both electrodes (2 mg). The energy and power density 
were calculated according to the following equations respectively: 

E =
1
2
CcellV2 

P =
E
td 

E is the gravimetric energy density, Ccell is the cell capacitance, V is 
the voltage window, and td is the discharge time. Fig. 7 presents the 
electrochemical performance of the device. The potentiodynamic char
acterisation of the cell is represented in Fig. 7a. The device maintained 
the high reversibility that was exhibited by the modified electrode in a 3- 
electrode configuration, as shown in the almost rectangular shape of the 

cyclic voltammograms, even at high scan rates, such as 500 mV/s. The 
GCD curves obtained at different applied currents (0.5, 1, 2, 3, 4 and 5 
A/g) (Fig. 7b) present a triangular shape, as expected for a carbon-based 
supercapacitor. The variation of the specific capacitance as a function of 
the applied current is shown in Fig. 7c. The device presented a specific 
capacitance of 9.88 F/g, which is about 4 times lower than the single 
electrode capacitance, and exhibited good capacitance retention of 89 
%, at 5 A/g, corroborating the high reversibility of the cell evidenced by 
the cyclic voltammograms. The maximum energy density of the device 
was 0.762 Wh/kg at a power density of 184 W/kg, as presented in the 
Ragone plot (Fig. 7d). Several authors have previously reported sym
metric supercapacitors based on Ni–C composites from biomass or 
waste (Table S2). However, the employed materials were externally 
doped with Ni salts to perform better, leading to metal contents over 15 
% [54,55], several orders of magnitude greater than the presented ma
terials. It is necessary to remember that in the present research, no 
external Ni has been added during pyrolysis apart from the adsorbed by 
the plants. In addition, the employed electrolyte is neutral, reducing the 
environmental impact of the device construction, in contrast to similar 
articles published in the past [54,56].

The stability of the device was assessed by 5000 GCD cycles (Fig. 8). 
The cell presented an excellent capacitance retention of almost 90 % and 
maintained the Coulombic efficiency near 100 %, as shown in Fig. 8a 
and b, respectively. The GCD transients (Fig. 8c) keep the triangular 
shape, although there exists a decrease in the capacitance and a slight 

Fig. 7. Electrochemical performance of the symmetric cell made of sample D (1.6 g Ni/L): (a) Cyclic voltammograms at different scan rates (5, 10, 20, 40, 60, 80, 
100, 150, 200, 300, 400 and 500 mV/s); (b) GCD at different applied currents (0.5, 1, 2, 3, 4 and 5 A/g); (c) Specific capacitance as a function of the applied current; 
(d) Ragone plot displaying the energy density as a function of the power density.
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increase in the ohmic drop of 2 mV after 5000 GCD cycles. Before and 
after GCD cycling, impedance spectra do not present a significant vari
ation (Fig. 8d). The charge transfer resistance increased slightly after the 
long cycling (from 1.092 to 1.176 Ω cm2), and the series resistance was 
5 Ω cm2.

Studying traditional nanocomposites is relatively straightforward 

due to their well-defined composition, but nanocomposites derived from 
plant biochar introduce complexity. As broccolis are cultivated with 
increasing Ni concentrations, N metabolism can be destabilised [31]. 
Chelating agents with high S content [38,39] can contribute to doping 
the carbon matrix alongside Ni nanoparticles (Fig. 4). However, several 
physiological changes occur; for example, increased ROS content 

Fig. 8. Device stability characterisation in 1 M Na2SO4 for 5000 GCD cycles, at 5 A/g: (a) Capacitance retention; (b) Coulombic efficiency; (c) 5th and 5000th GCD 
cycles; (d) Nyquist plots before and after 5000 GCD cycles (dots – experimental data; line – fitted data).

Fig. 9. Scheme of the proposed effect of Ni accumulation on broccoli and resulting electrochemical performance. The increased levels of reactive oxygen species 
(ROS) are supported by the literature [25,32,33], indicating that higher concentrations of Ni correlate with elevated ROS production.
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[21,25,28,33] can compromise the quality of the carbon matrix. ROS, 
particularly hydroxyl radicals, interfere with plant metabolism by 
damaging carbohydrates, disrupting metabolic pathways such as the 
Calvin cycle, and fragmenting essential organic molecules [32]. Studies 
have also shown that ROS plays a role in cytoskeleton dynamics and cell 
expansion. Under heavy metal stress, ROS production increases, leading 
to further oxidative damage to plant structures, including cellulose and 
pectin [32]. Also, these systems exhibit homeostatic mechanisms to 
compensate for stressful conditions, leading to an increase in other 
electroactive and non-electroactive elements [21,25,28], further 
altering the final performance of the biochar. Therefore, the authors 
hypothesise that striking a delicate balance between increased Ni con
tent and carbon doping while mitigating detrimental factors like ROS 
could ensure optimal electrochemical performance (Fig. 9). This aligns 
with current literature, demonstrating how oxidative stress impacts 
plant skeleton [32]. Further studies are needed to clarify the relationship 
between ROS management, Ni content, and biochar quality in electro
chemical applications.

Overall, the accumulation of bioactive compounds in plants holds 
promise for engineering ecoconscious raw materials for energy storage 
applications, introducing enhanced metrics to address the predicted 
shortage amid increasing demand and promoting sustainability through 
environmental clearance. While promising, this strategy is still in its 
infancy, requiring concerted efforts from the scientific community to 
advance knowledge and mechanistic understanding.

4. Conclusions

Our findings provide novel insights into the potential of hyper
accumulators to offer ecoconscious materials for energy storage while 
simultaneously remedying environmental pollution caused by electro
active elements. Broccoli exposed to varying Ni concentrations (0, 0.4, 
0.8, 1.6, and 3.2 g/L) over 10 weeks exhibited observable morphological 
changes in shoots, particularly affecting growth and leaf size with higher 
Ni concentrations, yet without significant differences in fresh or dry 
weight, suggesting inherent compensatory mechanisms within the plant. 
Pyrolysis of the resulting biomass at 650 ◦C revealed increasing porosity 
with increasing Ni content and formation of metallic Ni nanoparticles 
within the carbon matrix of broccoli-derived biochar, alongside Fe and 
Mg nanoparticles, as characterised by high-resolution transmission 
electron microscopy (HR-TEM) and X-ray diffraction (XRD) analyses. 
This incorporation of Ni into the carbon matrix enhanced the electro
chemical performance of carbon-based materials, demonstrated by the 
suitability of broccoli biochar-derived electrodes for energy storage, 
where Ni content influences specific capacitance, capacitance retention 
and self-discharge. Surprisingly, optimal electrochemical performance 
was not observed in biomass with the highest Ni content but in those 
with 152 mg Ni/kg (or 1.6 g Ni/L). Notably, the resulting bio
nanocomposite exhibited a specific capacitance of 37.99 F/g at a high 
scan rate of 100 mV/s and excellent cyclic stability, retaining approxi
mately 94 % of their capacitance after 5000 cycles at 10 A/g, high
lighting their potential for long-term energy storage applications. As 
tested in a supercapacitor prototype, the device presented a maximum 
energy density of 0.762 Wh/kg at a power density of 184 W kg. These 
findings underscore the viability of engineering plant-derived biochar as 
ecoconscious and effective raw material for energy storage electrodes, 
providing a novel solution to bridge the gap in raw materials needed to 
meet the increasing demand for greener energy solutions. This emerging 
field offers numerous innovative solutions but raises many questions. To 
fully understand the role of Ni-loaded plant biochar in energy storage 
applications, the impact of various factors on Ni uptake, including soil 
pH, organic matter, competing ions, chelating agents, stressors (such as 
salinity and pathogenic attacks), and different plant species need to be 
investigated.
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