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ABSTRACT  

The transition towards a low-emission economy requires advanced carbon-based materials for multiple 

applications.  

This study aimed to correlate the temperature of intermediate pyrolysis with surface morphology and the 

electrochemical performances of biochar from hazelnut shells (HZS) and spent coffee grounds (SCG), obtained 

as by-products in bio-oil production. For this process, the biochar from HZS and SCG were produced using a 

lab-scale screw-type reactor designed in-house and operated in a semi-continuous regime, under two pyrolysis 

temperatures (450°C and 550°C) and thermal post-treatment (TT) durations of 10 and 60 minutes, respectively.  
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Physical-chemical characterization through Scanning Electron Microscopy (SEM), attenuated total reflection 

Fourier transform infrared spectroscopy (ATR-FTIR), cyclic voltammetry (CV), and electrochemical 

impedance spectroscopy (EIS) revealed distinct structural and electrochemical differences, unrevealing the 

fundamental importance of the feedstock selection. SEM analysis highlighted a more homogenous and open 

structure of HZS than SCG-based biochars. Electrochemical testing of biochar-modified screen-printed 

electrodes (BC-SPEs) demonstrated enhanced electron-transfer efficiency and diffusivity for HZS produced at 

550°C, with the HZS_550 variant yielding a 1.5-fold increase in the heterogeneous electron transfer rate 

constant (k0) and a 2-fold increase in diffusion coefficient (D0) compared to SCG-SPEs. Notably, HZS_550-

SPEs showed enhanced sensitivity for both reversible and non-reversible redox probes, achieving a limit of 

detection (LOD) in the micromolar (µM) range, halving the LOD of unmodified SPEs. These findings 

underscore that biochar's electron-transfer efficiency and texture are key factors driving its sensing 

performance. Crucially, these properties are governed by the formation of graphite-like sheet structures 

(GSSs), along with crystallinity and aromaticity, which develop from the condensation of amorphous carbon 

sheets during primary pyrolysis and are largely unaffected by TT. 

 

Keywords: Pyrolysis; Biomass; Biochar; Electron-transfer process; Screen-printed electrodes. 

 

 Highlights: 

 

- Biochar derived from the pyrolysis oil production of hazelnut shells (HZS) and spent coffee grounds 

(SCG) was evaluated for electrochemical applications. 

- HZS biochar, produced at a pyrolysis temperature of 550°C, exhibited superior electrochemical 

performance compared to SCG-derived biochar. 

- HZS biochar demonstrated a more uniform and open microstructure. 

- Graphite-like sheets with well-organized packing in HZS biochar enhanced electron transfer and 

accordingly sensor performance. 

- Electrodes modified with HZS biochar achieved nanomolar-level detection sensitivity, significantly 

surpassing unmodified electrodes. 

 

 

Graphical Abstract:  
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1. Introduction 

Global warming and the correlated anthropogenic carbon dioxide (CO2) emissions are urgent environmental 

problems, which can be described by one word “inexorable”. CO2 emissions have increased by almost 3% 

yearly since 2000, leading Earth's ecosystems towards rapid and irreversible climate change. In the last decade, 

international institutions such as the IEA and the IPCC have suggested ambitious strategies to promptly 

mitigate anthropogenic emissions to reach near-zero or even net-negative emissions by 2050. In this overall 

scenario, biomasses and their thermal derivatives, especially biochar, represent an unprecedented opportunity. 

Biomass is a renewable, carbon-neutral, and highly abundant resource that exists in multiple forms, including 

agricultural by-products, biowaste, and organic residues [1][2]. Conversion of bio-residues to high-value 

materials, chemicals and biofuels, supports the circular economy and zero-waste production, reducing the 

pollution caused by their improper disposal [3].  

In this context, thermochemical processes can efficiently convert low-value feedstocks into biochar, bio-oil 

and syngas.  Pyrolysis is the thermal degradation of biopolymers under inert conditions and temperatures 

ranging from 300 to 600°C [4].  Operating conditions such as temperature, residence time and heating rate can 

be tuned to optimize the yields and the quality of the pyrolysis products [5], [6] [7].  Several reactor layouts, 
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such as auger reactors, fixed and fluidized beds and ablative reactors can be employed for the pyrolytic 

conversion of biomasses [8], [9]. The reactor configuration has a strong impact on the heat and mass transfer 

of the process, which in turn, influences the characteristics of pyrolysis products [10]. 

Biochar, the carbon-rich product of pyrolysis, offers promising applications across different fields (i.e., 

agriculture, environmental remediation, energy storage, conversion technologies and electrochemical sensing)   

due to its high surface area, porosity, and excellent electrical conductivity [11], [12],  [13], [14], [15], [16], 

[17], [18], [19], [20] [21], [22], [23], [24].  In electrochemical sensing, biochar emerges as a sustainable 

alternative to carbon black (CB), whose production from hydrocarbon combustion incurs significant 

environmental costs, including greenhouse gas emissions and health risks [25], [26], [27]. As an electrode 

material, biochar enhances electrochemical reactions by facilitating rapid electron transport, which 

improves sensor sensitivity and response time [28], [29]. Its porous structure and extensive surface 

area provide efficient analyte adsorption, crucial for detecting trace levels in complex matrices like 

environmental and biological samples. Additionally, biochar’s biocompatible surface is ideal for 

immobilizing bioreceptors (e.g., enzymes, antibodies), enabling the design of versatile 

electrochemical platforms with high specificity for a broad range of targets [30], [31]. These properties 

make biochar a valuable and eco-friendly choice for advancing (bio)sensor technology [32], [33], [34]. 

Our research group has effectively utilized biochar by incorporating it into the construction process of 

electrochemical (Bio)sensing devices that rely on screen-printed electrodes (SPEs). Produced by depositing 

conductive materials (i.e., graphite, graphene, metals etc.), onto non-conductive substrates (i.e., graphite, 

graphene, etc.) or metal inks (i.e., gold, silver, etc.), SPEs are low-cost, widely used sensors that enable mass 

production [31]. Their flexibility, disposability, and suitability for miniaturization make them ideal for point-

of-care diagnostics and in-situ applications. 

Pyrolysis conditions are known to be critical in defining the quality and potential applications of biochar [35], 

[36]. Numerous studies have examined the influence of pyrolysis temperature, duration, and heating rate on 

yield and surface morphology, consistently demonstrating that more intense pyrolysis conditions result in 

increased specific surface area and pore volume [37], [38]. Physical and chemical activation, along with 

thermal modification, further expand biochar's application scope [35], [39]. Mendonça et al. [40] reported 
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that thermal treatment effectively refines surface morphology, porosity, functionality, and reactivity, 

enhancing oxygen removal, surface area, and microporosity, which significantly improve adsorption 

and reactivity.  

Although the literature on biochar is expanding, and Table 1 reports a short list of the latest work in the field, 

a comprehensive understanding of its properties and challenges in electrochemical applications remains 

incomplete.  

Table 1: Overview of the most impactful and recent applications of biochar in electrochemical sensing. 

Feedstock 

Pyrolysis 

Condition 

(°C) 

Sensing 

Application 
Ref.  

BSG 600 Nitrite [32] 

PIW 1200 Neurotransmitters https://doi.org/10.1016/j.chemosphere.2023.137884[41] 

ES 1200 Phenol Moieties [25]  

NB 600 Malathion  [42] 

SB 700 Copper (II) [43] 

SB 400 Paracetamol [44]  

CS 800 CAP [45] 

CC 800 Glucose [46] 

SF-1+AV 500 PM https://doi.org/10.1016/j.chemosphere.2024.141151[47] 

MO 400 CP [48] 

TR 300 Lead (II) [49] 

CaC 500 Glucose [50] 

Acronyms: brewers’ spent grain (BSG), paper industry waste (PIW), eucalyptus scraps (ES), non-specified biomass 

(NB), sugarcane bagasse (SB),  corn straw (CS), chloramphenicol (CAP), crop corn (CC), starfish (SF-1), aloevera (AV), 

polystyrene microplastics (PM), Moringa oleifera (MO), carbaryl pesticides (CP), tea residue (TR), castor cake (CaC). 

 

The present work aims to investigate the cross-relationship between operating conditions, surface morphology, 

and electrochemical performances of biochars. Therefore, it tries to answer the question of how the electrical 

properties of biochar relate to the morphology, the primary feedstock, the process conditions, the reactor 

layout, and the scale-up.  

For this purpose, two residual biomasses, hazelnut shell (HZS) and spent coffee grounds (SCG), were 

processed and converted to biochar. The first represents one of the most diffused agro-industrial wastes in the 

Mediterranean and Middle-East countries. At the same time, the second is the brewing residue of coffee 

powder, the most traded good in the world after crude, whose consumption is expected to increase by 2.2% to 

177.0 million 60 kg bags for the year 2023/2024 [51] [52].  Firstly, HZS and SCG have been pyrolyzed 

employing a laboratory-scale screw-type reactor at the pyrolysis temperatures of 450°C and 550°C and a 
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residence time of 15 seconds. The operating conditions used are typical of intermediate pyrolysis. The biochar 

pyrolyzed at 550°C was thermally post-treated, operating the reactor in batch mode, considering holding times 

of 10 and 60 minutes.  Scanning Electron Microscopy (SEM), and Fourier Transform Infrared (ATR-FTIR) 

techniques were employed for morphological characterization of the pyrolysis char and thermal upgrade. Then, 

these materials were used as SPE modifiers and electrochemically characterized utilizing EIS, CV, and 

amperometry. The analytical capabilities of BCs-modified-SPEs were evaluated to analyze both reversible and 

non-reversible electroactive probes with significant environmental implications. This work contributes 

towards understanding the use of biochar for electrochemical applications to support the development of a 

carbon bio-economy and the implementation of multi-product biorefineries. 

 

2.0 Materials and Methods 

The following methodology was implemented to understand the mutual interaction between the superficial 

properties of biochar and the operational conditions of pyrolysis. Firstly, dried feedstock has been 

characterized through thermogravimetric and elemental analysis (2.1). After that, a screw-type reactor was 

operated for both intermediate pyrolysis in semi-continuous and thermal upgrading of the biochar in semi-

batch operations, as described in section 2.2. Subsequently, biochar samples (HZS and SCG) were 

characterized to understand the effect of the primary pyrolysis treatment and thermal post-treatment on the 

elemental composition and surface morphology (Section 2.3). Commercial biochar (BC, 100% pure virgin 

wood certified PEFC, Nera Biochar Srl, Turin, Italy) was used as a standard for the validation of HZS and 

SCG electrochemical performances. Consequently, the electrochemical performance of biochar-SPES was 

outlined through CV, square wave voltammetry (SWV) and EIS. The theoretical background and experimental 

details of the analysis of the electrochemical performances of SPEs are reported in section 2.4.  

 

2.1 Materials 

All the chemicals from commercial sources were of analytical grade. Ethanol, potassium ferri/ferrocyanide, p-

benzoquinone, and hydroquinone were purchased from Merck (Merck KGgA, Steinheim, Germany). The 

buffer solution used was 0.05 M phosphate-buffered saline (PBS), 0.1 M KCl, pH = 7.4. 
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HZS were supplied from Assofrutti S.r.l. (Viterbo, Italy) a consortium of nut producers in the Lazio region. 

HZS were milled using a knife mill (Retsch GM-100) before being processed. No further drying was required 

since HZS was received with a 9.9 wt. % residual moisture content.   

Spent coffee grounds (SCG), a blend of arabica/ robusta 40:60 by weight, as specified by the producers, were 

collected from the coffee shop of the Department of Industrial Engineering of the University of Rome ‘Tor 

Vergata’. SCG was dried in a static oven for 12 h. Before being subjected to intermediate pyrolysis, both the 

feedstocks were sieved to obtain a particle size between 500 µm and 850 µm.  

Thermogravimetric and elemental analyses of the feedstocks are reported in Table 1, displayed in the first 

section of the results and discussion section.  

 

2.2 Pyrolysis Set-up 

The intermediate pyrolysis of HZS and SCG was conducted using a 300 g/h screw-type reactor in a semi-

continuous operation mode. This reactor configuration was specifically chosen to prevent any char 

contamination. A sketch of the experimental setup is reported in Figure 1. The temperature range explored in 

this study was 450-550°C, with the vapors/gas temperature at the reactor outlet i.e. inlet of the vapor/gas filter, 

chosen as representative of the process. Nitrogen gas was introduced at a rate of 1.5 NL/min to maintain an 

inert atmosphere. The solid biomass was conveyed in the reaction zone through the shaftless screw.  The solid 

particle residence time was estimated in the order of 30 seconds. The calculated heating rate was 80-100°C/s, 

and the holding time at the pyrolysis temperature was 15 seconds. Bio-oil was collected through a three-stage 

condensing system and cooled to 0°C using water-ethanol (50:50 vol/vol) solutions. Char and bio-oil yields 

were determined gravimetrically, while the pyrolysis gas yield was calculated by difference. The biochar 

samples obtained at 550°C have been processed to remove residual moisture and volatile matter further. For 

the thermal post-treatment of biochar, the reactor was operated in a semi-batch mode. In a typical run, 2 g of 

HZS/SCG samples were loaded in a ceramic tray placed on the top of the sand bed of the hot-sand filter of the 

reactor. The filter was heated at 100 °C/min up to 550°C, maintaining the inert atmosphere throughout the test. 

The temperature was kept constant for 10 and 60 minutes, and the system was cooled down. Volatile/moisture 

further removal was measured by the weight difference of the samples before and after the post-treatment. The 

operating conditions set for this study were proven to be very efficient for the thermochemical conversion of 
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residual biomass in our previous investigations  [53]. Additional details about the pyrolysis rig can be found 

in  [5].  

 

 

Figure 1 Scheme of the screw-type reactor employed for intermediate pyrolysis tests. The following elements 

are present: 1) Feed hopper; 2) Electrical-heated ovens; 3) Shaftless screwdrivers; 4) Mass flow controllers; 5) 

Hot-sand filters; 6) Bio-oil condensers; 7) Data acquisition system; 8) Biochar tanks; 9) Pyrolysis-gas 

samplings; 10) Vent. In blue is indicated the location where was placed the thermocouple representative of the 

pyrolysis temperature. 

 

The samples obtained, and their labelling, are listed in Table 2.  

 

Table 2 Labels of the samples, the object of this study. 

Biomass Source Pyrolysis Temperature Post-treatment Sample’s Label 

Hazelnut shell 450°C none HZS_450 

Hazelnut shell 550°C none HZS_550 

Hazelnut shell 550°C 550°C, 10 min HZS_550_TT10 

Hazelnut shell 550°C 550°C, 60 min HZS_550_TT60 

Spent coffee grounds 450°C None SCG_450 
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Spent coffee grounds 550°C None SCG_550 

Spent coffee grounds 550°C 550°C, 10 min SCG_550_TT10 

Spent coffee grounds 550°C 550°C, 60 min SCG_550_TT60 

 

2.3 Ultimate and Proximate Analysis 

Proximate analysis was conducted following ASTM E914, utilizing the TGA 701 manufactured by LECO 

Corp. The analyses were carried out following UNI EN ISO 18122:2016, ISO 18122:2015, and ISO 

18123:2015 guidelines. The thermal program employed consisted of a heating ramp at 10 °C/min from ambient 

temperature to 105 °C for moisture determination, maintained until a constant mass was achieved. 

Subsequently, a 15 °C/min ramp under a nitrogen atmosphere up to 550 °C was applied for volatile matter 

determination, followed by a final 15 °C/min ramp under a nitrogen and oxygen atmosphere for ash evaluation. 

The fixed carbon content was determined by difference. The CHN(O) analysis was carried out using Elemental 

Macro's Vario MACRO-cube analyzer. Calibration of the instrument with the sulfanilamide standard and the 

analysis adhered to the ISO 16948:2015. The oxygen content of the samples was calculated by difference, 

taking into account the ash content previously measured by proximate analysis. 

 

2.4 Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD) analysis 

The morphology of the biomass sources and thermally treated biochar was analyzed using Leo SUPRA™ 35 

field emission scanning electron microscope (FE-SEM), Carl Zeiss, Oberkochen, Germany.  Before the 

measurements, the raw biomass was sputtered with Au using a coater K550X (EMITECH) with a 25 mA 

current for 1 min and 30 s to obtain a coating layer ~ 15 nm thick. At the same time, the thermally treated 

samples were analyzed in their bare conditions, without an Au coating layer. X-ray diffraction (XRD) patterns 

were recorded using a Philips PW1730 diffractometer with Cu Kα radiation (λ =1.5406 Å). 

 

2.5 ATR-FTIR spectroscopy analysis 

FTIR absorption spectra of biochar samples were acquired with the Thermo-Scientific instrument (model Is50) 

(Thermo Scientific Inc., Madison WI USA) in Attenuated Total Reflectance (ATR) mode using a single 
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reflection diamond cell. Spectra were recorded from 4000 to 500 cm−1, averaging over 32 scans with a 

resolution of 2 cm−1. All experiments were performed in triplicate, yielding consistent and reproducible results. 

Spectra are baselined where no absorbance peaks are present (at about 1950 cm-1).  

 

2.6 Electrochemical Apparatus 

Using a PalmSens4 Instrument (PalmSens, Netherlands), analyses by CV, chronoamperometry (sigla), SWV, 

and EIS) were conducted. A Hielscher UP200 St-Ultrasonic Transducer was employed in the biochar 

dispersion preparation process. 

 

2.7 Preparation of Biochar-modified SPEs 

Initially, SPEs were amperometrically pre-treated by applying a steady anodic potential of +1.7 V for 180 s in 

a 0.05 M phosphate buffer + 0.1 M KCl, pH 7.4 solution. Following a rinsing process (100µL, three times) to 

eliminate any potential salt residues, 6μL of a Biochar dispersion (1 mg/mL in 1:3 v/v ethanol-water solution) 

was drop-cast onto the working electrode (WE) surface of SPEs. The dispersion had been previously prepared 

using an ultrasonic transducer (200 W, 26 kHz, 30 minutes). The deposited solution is dried under controlled 

conditions (15 minutes at 38 °C). Additionally, the impact of depositing multiple layers of biochar onto SPEs 

was investigated; in this case, the procedure above reported was repeated as many times as the desired number 

of coatings. 

 

2.8 Theoretical methods 

The electrochemical layer-by-layer characterization (LbL-EC) of biochar-modified SPEs (Bio-SPEs) was 

conducted following the reversible redox process of ferro-ferricyanide: [Fe(CN)6]3- + 1e- ⇄[Fe(CN)6]4-. 

Electrochemical parameters, such as the heterogeneous electron transfer constant (k0), diffusion coefficient 

(D0), peak-to-peak separation (ΔE) and current peak ratio (Ipa/Ipc) were calculated. More precisely, k0 was 

evaluated voltammetrically according to Marcus’ theory (Eq.1) and impedimetrically (k0’) following Randles’s 

theory (Eq.3) [32]. Whereas D0 was evaluated using the Randles-Sevcik equation (Eq.4): 
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𝑘0 = 𝜑√
𝐷0𝜋𝜈𝑛𝐹

𝑅𝑇
(

𝐷𝑅

𝐷𝑂
)

𝛼
       (Eq.1),   𝜑 =

(−0.6288+0.0021·𝛥𝐸)

(1 −0.0170·𝛥𝐸)
    (Eq.2),       𝑘0′ =

(𝑅𝑇)

(𝑛2𝐹2𝐴𝐶𝑅𝑐𝑡)
    (Eq.3) 

where DO and DR are the diffusion coefficients (cm2 s-1) for ferricyanide (DO) and ferrocyanide (DR), ν is the 

scan rate (mV s-1), n is the number of electrons involved in the process, T is the temperature (K), F is the 

Faraday constant (C mol-1), R is the universal gas constant (J K-1mol-1) and α the dimensional transfer 

coefficient. The parameter φ is based on the potential difference between anodic and cathodic peaks (ΔE). 

                                    𝐼𝑝 = (0.4463)𝑛𝐹𝐴𝐶√
𝑛𝐹𝑣𝐷0

𝑅𝑇
                                                     (Eq.4) 

 

where Ip is the current peak, n is the number of electrons exchanged, F is the Faraday constant (mol-1), R is the 

universal gas constant (J K-1mol-1), A the electrode area (cm2), C is the analyte concentration (mol cm-3), D0 

the diffusion coefficient (cm2 s-1), and ν the scan rate (mV s-1). 

 

3. Results and discussion 

In accordance with the methodology outlined earlier, this section presents the findings of the investigation. 

Section 3.1 details the feedstock characterization, the product yields of pyrolysis experiments (450°C, 550°C) 

and BC thermal treatment at 550°C. Afterwards, thermogravimetric and elemental analysis, scanning electron 

microscopy and FTIR-ATR spectroscopy analysis are shown, underlining the beneficial effect of the post-

treatment on the superficial morphology of the BC, in Sec. 3.2. Finally, the optimization of BC dispersion 

conditions for the manufacture of SPEs (3.3.1), the electron-transfer capabilities of SPEs (3.3.2) and the 

performance of BCs-modified SPE as sensing platforms (3.3.3) are discussed. 

 

3.1 Feedstock Characterization  

The results of thermogravimetric and elemental analysis of the HZS and SCG obtained via intermediate 

pyrolysis are presented in Table 3. The results of characterization reveal that the thermochemical conversion 

of the feedstock object of this study is promising since the moisture content is lower than the 10 wt. %, the 

upper limit that is generally recommended for pyrolytic conversion of biomass [54][55][56]. A slight 

difference between HZS and SCG is the ash content, as shown by TGA, and the nitrogen content, as confirmed 

by the elemental analysis. The reported data are in line with the ones already present in the literature.  
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Table 3. Thermogravimetric and elemental analysis of the HZS and SCG feedstocks after drying. 

Thermogravimetric Analysis 

 HZS SCG 

Moisture (wt. %) 9.99 ± 0.51 4.67 ± 0.05 

Volatile Matter (wt. 

%) 
67.23 ± 0.23 76.70 ± 0.07 

Fixed Carbon (wt. %) 22.11 ± 0.54 21.09 ± 0.08 

Ash (wt. %) 0.67 ± 0.09 2.19 ± 0.02 

 Elemental analysis  

 HZS SCG 

C (wt. %) 47.57 ± 0.11 51.34 ± 1.13 

H (wt. %) 6.37 ± 0.66 6.91 ± 0.65 

N (wt. %) 0.06 ± 0.01 2.13 ± 0.25 

S (wt. %) 0.01 ± 0.01 0.08 ± 0.02 

O (wt. %) a 47.31 ± 0.84 37.35 ± 2.05 

a. Calculated by difference. 

 

Product yields of intermediate pyrolysis of HZS and SCG are reported in Figure 2. As expected, pyrolysis 

temperature has a notable impact on product yields. The increase in pyrolysis temperature enhances the 

reaction rates of both heterogeneous and homogeneous reactions. However, biochar yield undergoes a slighter 

reduction with the temperature, remaining in the range of 18.9-21.0 wt.% and 17.7-23.1 wt. % for HZS and 

SCG, respectively. The temperature rise has a significant impact on bio-oil and non-condensable gas. This 

behaviour could be due to secondary volatile cracking reactions, which become predominant at elevated 

temperatures [57], [58]. Similar results for SCG and HZS pyrolysis can be found in the literature.  Ali et al. 

[59] reported a biochar yield of 30.0-35.2 wt. % and oil yield of 35.2 – 40.0 wt. % for HZS pyrolysis in the 

temperature range of 400-600°C. Kelkar et al. [54] reported biochar yields of 15-22 wt. % for SCG fast 

pyrolysis carried out with a screw-conveyor reactor in a temperature range of 450-550°C.  
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Figure 2. Products yields of the intermediate pyrolysis of HZS (left) and SCG (right). 

 

Table 4 shows the weight loss during the thermal post-treatment of biochar. As expected, the increase in 

treatment time led to a higher weight loss in the process. Notably, the weight loss for HZS is lower if compared 

to SCG. This can be partly attributed to the lower amount of residual volatiles of HZS biochar concerning 

SCG. Another significant difference between HZS and SCG is the incremental weight loss with increased 

thermal treatment time. While for HZS the weight loss at 60 minutes of thermal treatment is more than double 

if compared to the weight loss at 10 minutes, for SCG the weight losses at the two different residence times 

are similar. This suggests that two different feedstocks have different thermal kinetics. Hence, the residence 

time and pyrolysis temperature need to be set carefully to maximize the electrochemical properties of biochar.  

  

Table 4. Weight losses of the thermal post-treatment of biochars, carried out in semi-batch mode. 

 

Feedstock Weight Loss (wt. %) 

HZS_550_TT10 5.8 ± 0.3 

HZS_550_TT60 12.2 ± 0.1 

SCG_550_TT10 29.7 ± 5.3 

SCG_550_TT60 31.9 ± 4.1 

 

 

Jo
ur

na
l P

re
-p

ro
of



3.2 Biochar elemental and proximate analysis 

Table 5 and Figure 3 show the thermogravimetric and elemental analysis results for the pyrolysis char 

obtained at 450°C and 550°C. As evident, an increase in pyrolysis temperature leads to the increase of fixed 

carbon fraction (on a dry basis). The enrichment of carbon is attributed to dehydration, decarbonylation and 

decarboxylation reactions that are more intense at higher temperatures [60]. The fixed carbon content of HZS 

biochars is remarkable, consistent with previous investigations on various nutshells and fruit stones' pyrolysis 

residues [61]. Nitrogen and ash content of biochar are significantly different between the two feedstocks; this 

is clearly due to the composition of the raw biowaste. Notably, nitrogen is considered particularly attractive in 

catalysts for electrochemical applications [62]. 

 

Figure 3 Elemental analysis of the HZS (a) and SCG (b) biochars obtained from intermediate pyrolysis at 

450°C and 550°C. 

The results of the characterization of the post-treated HZS_550 and SCG_550 biochars are reported in Table 

5. As expected, the volatile matter content decreases steadily with the increase of thermal treatment time, while 

fixed carbon and ash content increases. Therefore, from proximate analysis is possible to conclude that thermal 

treatment at 550°C was effective for the partial removal of volatile matter and moisture. As a result of moisture 

reduction, oxygen and hydrogen content decreases. Similar results in terms of the elemental composition of 

thermally treated biochar were found in the literature. Zhu et al. [63] performed the thermal treatment at 700°C 

of softwood sawdust biochar, obtaining post-treated biochar with a carbon content of up to 91.2 wt. % and 

residual oxygen content of 3.81 wt. %. Mendonça et al. [40] investigated the thermal treatment of sugarcane 

sawdust/straw mix biochar under various temperatures (400, 600, 800°C) and a holding time of 1 hour, under 
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a nitrogen atmosphere. They obtained a similar trend of carbon enrichment and oxygen removal with the 

temperature.  

 

Table 5. Thermogravimetric and elemental analysis of the biochars, before and after TT. The standard 

deviation values, calculated from the five most representative measurements for each sample, are reported. 

 

Sample 
Moisture 

(wt. %) 

Volatile Matter 

d.b (wt. %) 

Fixed Carbon 

d.b. (wt. %) 

Ash d.b. 

(wt.%) 

C  

(wt. %) 

H  

(wt. %) 

N  

(wt. %) 

O  

(wt. 

%) 

SCG_550 7.6± 0.6 23 ± 1 66 ±3 10 ±1  78 ± 2 0.63 ± 

0.05 

2.0 ± 

0.2 

9.3 ± 

0.4 

SCG_550_TT10 3.1±0.4 8±1 81 ± 4 10.5± 0.4 81 ± 2 
0.6 ±0.1 

2.4±0.2 5.4 ± 

0.4 

SCG_550_TT60 3.0 ± 0.1 5±2 82 ± 2 11.0 ± 0.1 82 ±1  
0.5±0.1 

2.5± 0.2 3.6 ± 

0.1 

HZS_550 7.9 ± 0.4 16±1 78 ± 1 5.7±0.3 87 ± 1 2.1 

±0.01 

0.23± 

0.03 

4.8 

±0.1 

HZS_550_TT10 5.0 ±0.7 10±1 88 ± 1 6.1± 0.2 

 

8 ± 2 1.6 ± 

0.10 

0.25± 

0.02 

4.1± 

0.3 

HZS_550_TT60 4 ± 0.1 6.7±0.4 88.1 ± 0.5 6.4± 0.1 88± 1 1.4±0.1 0.26 

±0.01 

3.8 ± 

0.2 

 

 

The morphology of the biomass source (feedstock) and biochar was investigated by SEM analysis. SEM 

micrographs for SCG and HZS evidenced different morphologies (Figure S3a-c). SCG is characterized by 

large aggregates (~ 60 µm) of particles with similar shape and size ranging between 5 and 10 µm. HZS showed 

an irregular morphology with fragmented particles of heterogeneous dimensions (5 – 50 µm) (Figure S3d-f). 

Furthermore, a few cavities can be found at the surface of the larger particles (Figure S1f). The observed 

features are aligned with other SEM analyses reported for similar feedstocks without chemical and thermal 

activation processes [64] [65] [66]. After pyrolysis at 450 °C, particle size decreased for both SCG_450 and 

HZS_450 (Figure S4) due to the removal of the volatiles and carbonization of the biomass structure, promoting 

its fragmentation. At a higher pyrolysis temperature (550 °C), the presence of large pores becomes more 

evident for both SCG_550 and HZS_550 (Figure 4). Furthermore, HZS_550 exhibited a more homogeneous 

and open structure than SCG_550, which can be attributed to the lower volatile matter content and higher fixed 

carbon content, as reported in  Table 5, in good agreement with previous reports [67]. 
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Figure 4 SEM micrographs of SCG_550 at a magnification of (a) 5 and (b) 25 kX and HZS_550 at (c) 5 and 

(d) 10 kX. 

The thermal post-treatment influenced the morphology of both HZS_550 and SCG_550 biochar samples. For 

the SCG_550 sample, a 10-minute post-treatment caused the structure to transition into a multi-sized 

arrangement, with smaller particles distributed onto a porous framework. This trend persisted in the sample 

treated for 60 minutes, although partial fragmentation of the structure was observed..  

In the case of HZS-based biochar (Figure 6), the 10-minute post-treatment resulted in smaller pores that were 

uniformly distributed across the primary structure (Figure 6 a-c). After 60 minutes of post-treatment, larger 

pores were observed (Figure 6 d-f) compared to HZS_550_TT10. These findings suggest that the extended 

post-treatment effectively facilitated volatile extraction and enhanced pore development in the biochar while 

maintaining a uniform porous architecture [68], [69]. 

The morphological differences observed for SCG- and HZS-based samples can be attributed to a less 

pronounced decrease in volatile content for HZS-based samples compared to SCG-based samples after the 

post-treatment. After a 10-minute post-treatment, 40.7% of volatiles were removed for HZS_550_TT10, 

compared to 66% for SCG_550_TT10. Following a 60-minute post-treatment, the removal increased to 54% 

for HZS_550_TT60 and 78% for SCG_550_TT60 

Jo
ur

na
l P

re
-p

ro
of



 

Figure 5. SEM micrographs for SCG_550_TT10 at a magnification of (a) 5, (b) 25, and (c) 50 kX, and for 

SGC_550_TT60 at (d) 5, (e) 25 and (f) 50 kX. 

 

 

 

Figure 6. SEM micrographs at magnifications of 5, 10 and 25 kX of HZS_550_TT10 (in a, b and c) and 

HZS_550_TT60 (in d, e and f), respectively. 

 

BET measurements are a widely accepted method to directly quantify porosity and surface area. However, it 

is noteworthy that accurate BET analyses are not usually reported in the studies dealing with chars obtained 

by fast pyrolysis, possibly due to the limitation of a fast-heating rate in removing volatiles and other impurities 

[70]. The issues found in recording N2-adsorption-desorption for char obtained by fast pyrolysis have been 
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previously reported, demonstrating that the BET measurements can be compromised due to the presence of 

volatiles, ashes, and minerals causing pore clogging and requiring acidic leaching for impurities removal or 

activation [71]. Considering the purpose of valorizing biomass waste by adopting a direct and energy-saving 

approach, we have not performed further biochar purification or activation treatment. For all these reasons, the 

BET surface area analysis of the biochars has not been included in the manuscript. 

After that, an ATR-FTIR analysis was carried out. As shown in Figure 7, all FTIR spectra of HZS and SCG 

biochar samples, after intermediate pyrolysis at 450°C and 550°C, show broad bands, characteristic of biochar 

[72].  A band near 3300 cm-1 is attributable to the stretching vibration of hydrogen-bonded hydroxyl groups 

[73]. The band at 1740 cm-1 was identified, for SCG samples only, with C=O stretching of carbonyl compounds 

(Figure 8, right panel). C=C stretching, in aromatic ring structures, and O-H bending, in functional groups and 

moisture, vibrations are responsible for bands at about 1430-1460 cm-1 and 1640 cm-1, respectively.  [73]. The 

band at 1030 cm-1 was attributed to the symmetric C–O stretching  [74]. Two sharp peaks at 1240 cm-1 and 

1160 cm-1 have been assigned to C–H stretching and OH deformation of COOH (if present as in SCG) or C–

O stretching of aryl esters and asymmetric C–O stretching characteristic of C–O–C groups. The O–H bending 

of phenols was identified by the band 1375 cm-1. The band at 875 cm-1 was attributed to the C–H bending 

aromatic CH out-of-plane deformation  [73]. The bands near 1430 cm-1, 1365 cm-1 and 870 cm-1  arise 

definitively from calcite in case of HZS [75]. Moreover, for SCG samples only, the asymmetric (2920 cm-1) 

and symmetric (2850 cm-1) C–H stretching bands were visible and associated with aliphatic functional groups 

(Figure 7, right panel). These results show no significant differences between samples treated at 450°C and 

550 °C, but as shown in Figure S5, the molecular structure of the starting HZS and SCG biomass is drastically 

altered after intermediate pyrolysis. Jo
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Figure 7. ATR-FTIR spectra of HZS (a) and SCG (b) biochar samples after intermediate pyrolysis at 450°C 

(blue) and 550°C (red). 

 

FTIR characterization of the post-treated HZS and SCG biochar samples, for 10 or 60 minutes, is reported in 

Figure 8 . In the case of HZS, the spectrum, highlighted in the region between 1800 and 525 cm-1, shows the 

same fingerprint profile already described for the samples dealt with intermediate pyrolysis, not finding any 

substantial differences in the molecular structure of the samples after this treatment. In the case of the SCG 

sample, the bands associated with aliphatic functional groups and C=O stretching of carbonyl compounds 

Jo
ur

na
l P

re
-p

ro
of



disappeared, after this last step (Figure 9, right panel). This might indicate that after the procedure, the removal 

of components adsorbed on the surface such as aliphatic hydrocarbons and oily substances has occurred.  

 

Figure 8. ATR-FTIR spectra of HZS (left panel) and SCG (right panel) biochar samples after thermal post-

treatment at 550°C for 10 (red) and 60 (blue) minutes.  

 

Furthermore, as shown in Figure S5, bands between 2800 and 3000 cm-1 represent C–H stretching vibrations. 

For the HZS biomass spectrum, these bands are attributable to aliphatic moieties present in the wooden 

composition of the hazelnut shells. Just after the intermediate pyrolysis treatment, these bands decrease 

drastically, as shown in Figure 7, almost disappearing, to demonstrate an almost total pyrolysis of the sample. 

For SCG biomass spectrum (Figure S5), these bands are attributable to aliphatic moieties of polysaccharides 

in spent coffee grounds, such as galactose, arabinose, glucose, mannose and other polysaccharides in various 

proportions and adsorbed aliphatic hydrocarbons and oily substances [76]. It should be highlighted that these 

bands remain almost unchanged after the intermediate pyrolysis treatment, as visible in Figure 7, due to 

incomplete pyrolysis, but disappear after the post-treatment for 10 and 60 minutes (see Figure 8). 

 

3.3 Biochar electrochemical characterization 

To determine the electrochemical properties of the BCs used for this study, a meticulous examination of their 

dispersion properties was conducted. Diverse solvents, including water (H2O), ethanol (EtOH), propanol 

(PrOH), dimethyl sulfoxide (DMSO), and water mixtures (1:1 v/v) thereof, were evaluated in this regard. The 

outcomes obtained characterizing electrochemically (CV and EIS) SPEs modified with each HZS dispersion 
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are illustrated in Figure 9. However, comparable results were obtained for SCG. Visual examination revealed 

that, of all the dispersion samples examined, the one produced in H2O: EtOH exhibited the greatest promise in 

terms of current (Ip) and charge transfer resistance (Rct) recorded; consequently, a more comprehensive 

investigation was undertaken to examine various volumetric ratios (1:1. 1:2, 1:3, 1:4 v/v) [77].  

 

 

Figure 9. Electrochemical optimization of HZS_550 dispersion conditions. In a) CV and EIS outcomes derived 

from the analysis of HZS_550-modified SPEs in which BC was dispersed in H2O, EtOH, PrOH, DMSO and 

the dilution in H2O of the last three at 1:1 ratio, respectively. After determining that EtOH:H2O produced the 

most effective dispersing solvents, various volumetric ratios, namely 1:1, 1:2, 1:3, 1:4 and 1:5 v/v, were 

examined; the corresponding outcomes are detailed in b). At least six electrodes (n=6) were analyzed for each 

experimental condition (RSD%<12). 

Upon careful examination of Figure 9, it becomes evident that the dispersion in H2O: EtOH (3:1 v/v) provides 

the most favorable balance between the electrochemical output recorded (current/impedance), repeatability 

and solution sustainability; thus, it was selected as the dispersing condition. 

Once the dispersion condition of BCs, an in-depth electrochemical study to investigate the effectiveness of 

these carbonaceous materials as SPE conductive enhancers was carried out. To that end, the electrochemical 

performances of bare electrodes were compared with those of commercial BC, HZS_450, HZS_550, 

SCG_450, and SCG_550-modified SPEs. Initially, the background current was measured amperometrically 

(0.4 V, 180 s) by examining six different electrodes (n = 6) in a 50 mM KCl solution for each platform. The 

following current results were obtained: 140 ± 18, 57 ± 10, 9 ± 1, 55 ± 5, 45±4, 41±5 nA for bare and BC, 
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HZS_450, HZS_550, SCG_450, and SCG_550-modified electrodes, respectively. In addition, it was possible 

to determine that the addition of BCs allowed for the production of a more reliable electrochemical device with 

a significant reduction in capacitive current by estimating the signal-to-noise ratio and reproducibility using 

the standard deviation. Electrochemical measurements, conducted with or without the addition of 10 mM 

[Fe(CN)6]3-/4- (as an electrochemical probe) in 50 mM KCl, quantified the S/N, yielding the following results: 

40, 130, 170, 90, and 121 for the bare and BC, HZS_450, HZS_550, SCG_450, and SCG_550-modified 

electrodes, respectively. This demonstrates that biochar modification of bare electrodes significantly reduces 

the capacitive current (on average 3-fold decrease in comparison with bare SPE) with a consequent important 

improvement of the S/N ratio. Although all biochar-modified platforms exhibited enhanced performances in 

comparison with bare SPE, HZS_450 and HZS_550 resulted as the most promising. Afterwards, an extensive 

electrochemical analysis was conducted to study the electron transfer and diffusivity process occurring at the 

electrode of each BC-modified platform. To do this, CV and EIS were used as complementary tools for the 

analysis of 10 mM [Fe(CN)6]3-/4-. 

Electroanalytical parameters, such as anodic and cathodic peak ratio (Ipa/Ipc), peak-to-peak separation (ΔE), 

charge transfer resistance (Rct), heterogeneous electron transfer constant (k0) and diffusion coefficient (D0), 

were evaluated and reported in Table 6. 

 

Table 6. Comparison of the electrochemical parameters before and after biochar modification. 

 Bare SPE BC SCG_450 SCG_550 HZS_450 HZS_550 

Ipa/ Ipc 1.2±0.1 1.2±0.2 1.1±0.2 1.1±0.1 1.1±0.1 1.1±0.1 

∆E [V] 0.19±0.02 0.18±0.02 0.17±0.02 0.15±0.01 0.17±0.01 0.14±0.01 

D0 ∙10-6 

[cm2/s] 
1.45±0.2 2.0 ±0.2 1.9±0.1 2.4±0.2 3.5±0.1 4.2±0.2 

k0∙10-3 

[cm/s] 
1.5±0.2 2.1±0.2 2.3±0.2 2.6±0.1 2.4±0.2 3.7±0.2 

Ipa % 

Increase 
/ 3 30 45 60 105 

Ipc % 

Increase 
/ 4 30 48 62 108 
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Rct % 

Decrease 
/ / 10 20 40 60 

 

From the electrochemical parameters presented in Table 6, the Ipa/Ipc ratio suggests a reversible or quasi-

reversible electrochemical process (Ipa/Ipc ≈ 1). Initially, this observation might imply that the modification 

of SPEs with biochars (BCs) has minimal influence on the inherently sluggish surface kinetics of unmodified 

screen-printed electrodes. However, a more comprehensive evaluation of electrochemical parameters, such as 

ΔE and k0, both of which are closely tied to electron transfer dynamics, revealed a significant enhancement 

associated with the drop-casting of biochar onto SPEs. Notably, all tested BCs demonstrated a decrease in ΔE 

and an increase in k0 compared to the unmodified SPE (graphite-only). Among these, HZS_550 emerged as 

the most effective, exhibiting a twofold increase in k0 relative to the bare electrode. 

Two specific features of HZS_550 account for this: morphology and pyrolysis temperature. Regarding the first 

one, HZS_550 shows a more homogeneous and open structure than SCG_550, as described in section 3.2.2. 

This is further corroborated electrochemically through the higher diffusivity process at HZS_550-SPE 

(wherein the value of D0 HZS_550 increases by a factor of two in comparison to SCG_550). In addition, D0 

calculated for HZS_550 results are comparable to the one reported in the literature by Konopka and McDuffie 

[77]. Thereby, a similar planar diffusion-controlled process in the oxidation/reduction reactions of the selected 

redox probe was found for HZS_550-modified platforms. 

The second one is that the electron conductivity characteristic of biochar is strictly correlated to pyrolysis 

conditions. As previously reported in the literature [78] [79], the higher the pyrolysis temperature, the higher 

the crystallinity degree and the aromaticity rate. Indeed, at high temperatures, an improved condensation of 

amorphous carbon sheets can be achieved with an enhanced π-electron delocalization capacity of the material 

[80]. The accumulation of these conjugated π-electron systems progressively increases the conductivity of the 

starting material, as electrons associated with π-bonds are delocalized and become available as charge [33]. 

Therefore, biochar can transfer electrons directly from an electron donor to an electron acceptor without storing 

them. This is why the peak-to-peak separation and charge transfer resistance have decreased greatly, especially 

for HZS and SCG_550.  

As mentioned in the pyrolysis setup section, the primary target of pyrolysis is maximizing the energy output, 

which leads to the choice of shorter residence time. To investigate if this choice can interfere with the 
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electrochemical behaviour of the biochar products, a subsequent thermal treatment (thermal treatment at 550°C 

for samples pyrolyzed originally at 550°C, residence time values of 10 and 60 min) was examined. Results 

show that thermal treatments on both the feedstocks did not yield satisfactory results indicating similar or even 

worse performances to the one already observed. Figure 10 reports the comparison of CV obtained by 

comparing the performances of bare electrodes, HZS_550 and SCG_550 pre-and post-thermal treatments (TT, 

60 min). CVs related to the thermal treatment of 10 minutes are not reported because the results were almost 

identical to HZS_550 or SCG_550. Therefore, the conductivity properties of biochar are directly linked to the 

initial pyrolysis conditions. It is the carbon backbone assembled during this phase which governs biochar’s 

conductivity qualities. Post-production thermal treatment can improve the elimination of oily residues and 

dust, as shown in the morphological characterization section. This was confirmed by XRD analysis that was 

performed to investigate the structural composition of the SCG- and HZS-based biochar, before and after the 

post-treatment. The XRD patterns, as reported in Figure S6, are typical of carbonaceous materials such as chars 

and carbon blacks, with two main diffraction peaks at around 25° and 43° arising from the diffraction on the 

002 and 100 crystalline planes of graphitic carbon [81]. Furthermore, diffraction peaks for the calcite (CaCO3) 

phase are mostly evidenced in the XRD patterns of the HZS-based samples at 2θ = 29,29° and between 39 and 

49° (JCPDS: 05-0586). By comparing the 2θ positions for the 002 plane, it can be observed that the 10- and 

60-min pyrolysis post-treatment led to a peak shift towards higher angles, from 23.4° to 24.9°, indicating that 

the interplanar distance (d002) decreases according to Bragg’s law. The shift is related to the formation of carbon 

crystalline domains [82] [83] [84]. The crystallite size along the a-axis (La) was estimated by deconvolution 

of the (100) diffraction peak, as described in the Supplementary Material (Figure S7). The highest La is the 

greatest width of the crystallite domain. HZS_550 shows one of the highest La values among the investigated 

samples, indicating a high crystallinity degree. On the other hand, for all samples, La varies from 1.01 to 1.73 

nm, indicating no significant differences in terms of crystallinity after the thermal post-treatment of HZS_550 

and SCG_550.  

 

 

Figure 10. Electrochemical characterization of the thermal treatment effect. In a) the CVs and in b) the relative 

current peaks of bare, HZS_550 and HZS post-treatment-modified electrodes. In the same way, in c) and d) 
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the relative CVs and current peak of bare, SCG_550 and TT-SPEs were reported. An example of curves of 

biochar-modified-SPE fabricated sensor of at least 3 analyzed SPEs are presented (RSD%<10%). 

 

3.4 Analytical Performances of BCs-modified SPE as sensing platforms 

An electrochemical investigation was conducted on the combined conductive and adsorbent properties of 

HZS_550 and SCG_550 to study their sensing capabilities. Precisely, the study aims to investigate how the 

multilayer assembly affects the aforementioned properties, as shown in our prior research using biochar made 

from a different source (i.e., brewers' spent grain biochar). Figure 11 depicts the results obtained analyzing 

bare SPEs, commercial biochar, SCG_550 and HZS_550-modified electrodes (with up to 4 layers - 4L) using 

a solution of 10 mM of [Fe(CN)6]3-/4-. Analyzing these platforms with a 10 mM solution of ascorbic acid 

yielded comparable results as a control experiment.  

 

 

Figure 11. Electrochemical characterization of Biochar-multilayers optimization. In a), b) and c) is reported 

SCG_550 multilayer deposition effect on ΔE, D0 and k0, respectively, using [Fe(CN)6]3-/4-  as a reversible 

electroactive probe. In the same way, in d), e) and f) the outcomes relative to HZS_550 multi-layer system are 

reported. Each condition was studied by analyzing at least 3 SPEs with an RSD% always lower than 11%.  
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The results in Figure 11 clearly show the distinct sensing properties of the two biochars studied. On one side, 

SCG_550 achieves the best sensing performances when deposited onto the working electrodes as a two-layer 

(SCG_550-2L) system. On the other hand, HZS_550 showed impressive performance already with just one 

layer (HZS_550-1L), showing relevant comparability in terms of ΔE, k0 and D0 between all the multilayer 

deposition investigated (2, 3, 4L). This is ascribable to the open texture, improved graphitization, and superior 

electron conductivity, as indicated by SEM and XRD analysis, testifying to HZS_550’s innate applicability 

for sensing purposes. In light of these results, the sensing capabilities of HZS_550 and SCG_550, precisely 

modifying SPEs with SCG_550-2L and HZS_550-1L, have led to an evaluation of the sensing abilities using 

ferro-ferricyanide, ascorbic acid, nitrite, and hydroquinone as electroactive probes (concentration range 1µM 

to 10mM). For each analyte, the analytical performances of modified SPEs have been calculated in terms of 

the Limit of Detection (LOD), Limit of Quantification (LOQ), sensitivity, and repeatability. From the results 

reported in Table 7, HZS_550-1L resulted in superior sensitivity and reproducibility with all the electroactive 

analytes tests in water samples. Thus, demonstrating that porosity and good electron transport capability are 

essential qualities required for biochar to have a high sensing profile.  

 

Table 7. Characterization of analytical performances using SWV: limit of detection (LOD), limit of 

quantification (LOQ), sensitivity and inter-electrode reproducibility for potassium ferricyanide, ascorbic acid, 

nitrite and hydroquinone for bare, SCG_550-2L and HZS_550-1L-modified SPEs. 

 

 Bare SPE HZS_550-1L SCG_550-2L 

[Fe(CN)6]3-/4-    

LOD (µM) 9.4 5.6 7.5 

LOQ (µM) 31.1 18.6 24.7 

Sensitivity 

(μA/μMcm2) 

40.2 29.8 36.5 

Reproducibility 

(RSD%) 

10 7 8 
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Ascorbic Acid    

LOD (µM) 3.4 2.6 3.2 

LOQ (µM) 11.3 8.6 10.6 

Sensitivity 

(μA/μMcm2) 

21.8 18.4 19.8 

Reproducibility 

(RSD%) 

10 8 8 

NO2
-    

LOD (µM) 20.6 7.4 15.2 

LOQ (µM) 68.1 24.4 50.3 

Sensitivity 

(μA/μMcm2) 

105.3 35.6 63.4 

Reproducibility 

(RSD%) 

11 6 9 

Hydroquinone    

LOD (µM) 12.5 7.1 10.3 

LOQ (µM) 41.3 21.6 32.1 

Sensitivity 

(μA/μM cm2) 

65.4 41.3 51.7 

Reproducibility 

(RSD%) 

11 7 9 

 

 

4. Current Challenges and Future Perspectives 

Biochar-modified screen-printed sensors offer remarkable potential in analytical applications, driven by their 

cost-effectiveness, environmental sustainability, and exceptional electrochemical properties. These properties, 

however, are intrinsically linked to the structural characteristics of biochar, which are heavily influenced by 

preparation methods. For instance, graphitic biochar with optimized interlayer spacing is essential for sensing 
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and energy storage in batteries, while hierarchical porous biochar enriched with heteroatom functionalities 

excels in supercapacitor applications. Similarly, micropore-dominant biochar with oxygen-rich surface groups 

is ideal for hydrogen storage [85]. This versatility underscores biochar's near-limitless applicability. Despite 

their advantages, challenges persist, particularly the variability in biochar properties due to differences in 

feedstocks and pyrolysis conditions. This variability complicates the development of standardized preparation 

protocols for biochar-based (bio)sensors across diverse feedstock sources. To advance this field, future efforts 

should prioritize standardizing biochar production, refining functionalization techniques, and leveraging 

advanced nanocomposites. Scaling up these processes could unlock biochar's full potential for applications 

ranging from environmental monitoring to healthcare diagnostics and food safety. 

 

5. Conclusions 

Biochar application in (Bio)sensors manufacturing is currently one of the up-to-date, green, and sustainable 

approaches for agro-industrial waste valorization to value-added materials. This study explores the relationship 

between electrical conductivity, surface porosity, pyrolysis conditions, and post-production thermal treatment 

of biochar. With this purpose, two different feedstocks, namely HZS and SCG, were considered and 

investigated morphologically and electrochemically. Among all the conditions studied, HZS_550 resulted in 

the most effective material once deposited on the SPEs. This demonstrates that an open and well-structured 

texture, along with good electrical conductivity, are must-have properties for biochar to be a promising 

candidate for (Bio)sensing. In addition, post-production thermal treatments have no discernible influence on 

conductivity properties, confirming that the carbon backbone formed during the primary pyrolysis governs 

biochar’s electron transfer capability. Nevertheless, additional research must be undertaken to fully regulate 

and expand the biochar manufacturing process by its ultimate use. Consequently, this work must be regarded 

as a foundational building block in pursuing an advanced understanding of the biochar universe.  
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