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Revealing Active Phosphorus Heterogeneity and Release
Mechanisms of Canna-Derived Nano-Biochar through

Multiscale Electrochemistry

Abstract:

Phosphorus (P) is essential for crop growth, but excessive use of conventional chemical
fertilizers has led to severe environmental issues, particularly eutrophication. Biochat. and its
nanoscale derivative (nano-biochar, NBC) derived from plant residues offer promising green
alternatives due to their strong adsorption capacity and environmental compatibility.. However,
macro-scale studies often overlook the microscopic heterogeneity andkinetics that govern their dual
role in regulating P release and fixation.

In this study, nano-biochar synthesized from Canna indica (CNBC) was'developed as a novel
slow-release P fertilizer, and its behavior was investigated through multiscale electrochemistry
(cyclic voltammetry and single-entity collision electrochemistry) combined with density functional
theory (DFT) calculation. CNBC produced at 500 °C'is rich in.oxygen-containing groups and Ca?",
facilitating reactive P-liable phosphate adsorption via electrostatic and complexation interactions
with a slow-release effect, especially under-acidic, conditions. Single-particle analysis highlights
heterogeneity in binding sites: most support slow release, ideal for sustained nutrient supply, while
a minority strongly fix phosphate, minimizing runoff. Molecular dynamics simulations in solvation
environment show gradual dissociation_of the Ca-P ion pair from NBC, supported by reduced
binding energy through functionalization;.enhabling tunable release rates.

These findings underscore the CNBC’s potential as an eco-friendly fertilizer that improves P
bioavailability while mitigating environmental risks and supporting sustainable waste valorization.
This study offers new insights into green fertilizer design and contributes to strategies for achieving

zero-growth in chemical fertilizer input under sustainable farmland management.

Keywords: Nanobiochar; Single-entity collision electrochemistry (SECE);

Phosphorus slow-release; Green fertilizer; Waste valorization; Canna indica
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1. Introduction

Phosphorus (P) is one of the most crucial nutrient elements for crop growth in soils, as it
appears as the essential component of ATP, nucleic acids, coenzymes, etc., and drives biochemical
processes, such as photosynthesis, in plants 2. The natural availability of P in soil is extrémely
limited, which has historically led to the widespread application of chemical P fertilizers. While
effective in the short run, the excessive use of these fertilizers has contributed to severe
environmental challenges, including aquatic eutrophication, nutrient runoff, and.soil degradation *-
5. Recent reports indicate that more than half of China’s major lakes have experienced-increasing
eutrophication from 2012 to 2020, which directly contaminates water and food, exposes-toxins to
humans’ and animals’ health, and damages ecological biodiversity °. Therefore, a greener and more
environmentally friendly P fertilizer should be applied to substitute conventional chemical fertilizer.

Biochar, a carbon-dense substance derived from the pyrolysis of biomass, has emerged as a
promising candidate ' due to its ability to adsorb ‘and gtadually release phosphate through
electrostatic interactions, ion exchanges, pfecipitation, and poré-filling at a slower rate 8. Its high
porosity and adsorption capacity enable agricultural/application and environmental remediation,
including nutrient supply, soil and.water retention’. However, the effect of biochar on soil P
dynamics remains contentious. Seme.indicate biochar significantly increases the P availability of
soil for plants '* !, While other studies indicate strong adsorption ability and P removal efficiency
of biochar & 12,

Recent studies ‘state that nano-biochar (NBC), obtained by downsizing bulk-biochar to the
nanometer scale (1-1000mm), has been proposed as a more effective fertilizer material owing to its
highef surface area, improved colloidal stability and enriched availability of labile P °. For example,
Liang‘et al. demonstrated that micro- and nano-sized manure-derived biochar reduced colloidal
phosphoris release by 45% under single intermittent anoxic treatment '3, Notably, NBC derived
from{Canna indica is particularly promising ', not only because it is a renewable and low-cost
feedstock with high mineral content, but also due to its capacity to bind phosphate ions via cation—
anion interactions (e.g., Ca?"/Mg*" with PO,*) & 15,

Despite the progress made, the current understanding of P bioavailability regulation by NBC

remains fragmented, in part because most agricultural studies employ bulk-scale spectroscopic or



chemical extraction techniques '*'®. These methods provide macroscopic information, obscuring
the intrinsic heterogeneity among particles and leaving critical questions unresolved. Since P
adsorption and release are governed by surface functional groups, charge distribution, and interfacial
redox processes ®, direct electrochemical characterization becomes indispensable. Electrochemical
methods are uniquely suited for this task because they can probe interfacial reactions in teal time
with high sensitivity, offering quantitative insight into phosphate bonding, redox activity, and
dynamic electron transfer processes at the biochar surface.

However, conventional ensemble electrochemical techniques, such as-eyclic voltammetry (CV)
or impedance spectroscopy, still suffer from the limitation of averaging responses. over large
populations of particles. This averaging effect conceals particlesto-particle variability in adsorption
capacity and surface activity that control the performance of NBC as a P carrier. To overcome this
barrier, single-particle collision electrochemistry (SPCE,.also called nano-impact) has recently
emerged as a powerful tool ' 2°, By detecting the:stochastic electrochemical signals generated when
individual NBC particles collide with a microelectrode, SPCE captures heterogeneity at the single-
entity level. Each collision event not only reveals heterogeneity in phosphate binding capacity but
also uncovers dynamic electron-transfer processes .that cannot be captured by traditional
voltammetry, allowing a more precise understanding of the relationship between structural features
and functional performance.in soil environments:

In this study, this experiment employed Canna indica-derived nano-biochar (CNBC) as a
sustainable P carrier for fertilization. The related phosphate interaction mechanisms are
systematically investigated using CV for characterizing the bulk electrochemical response, SPCE
for particle-leyel heterogeneity and density functional theory (DFT) calculations for elucidating the
underlying mechanism..Together, these approaches not only validate NBC as a potential green
phosphorus fertilizer but also pave the way for rational tuning of its molecular and surface properties

to optimize phosphorus regulation efficiency.

2. Method

2.1 Synthesis and Characteristics of Nano-biochar
As a comparison, the NBC was produced from locally collected Canna indica and Maize straw.

The material was respectively air-dried, cut into small pieces, and pyrolyzed in a muffle furnace



under oxygen-limited conditions. The furnace was heated at a rate of 10 °C/min to 500 °C, where
the temperature was maintained for 2 h. After cooling, the resulting biochar was ground and sieved
to <2 mm. To further reduce particle size before field application, the biochar was milled using a
planetary ball mill (operating parameters: forward rotation for 5 min, reverse rotation for 5 min,
with 5 min intervals, for a total of 2 h; rotation speed: 400 rpm; ball-to-powder ratio: 20:1),
achieving a sub-micron particle size.

The produced Canna indica-derived nano-biochar (CNBC) and Maize straw-derived/nano-
biochar (MNBC) were then comprehensively characterized. Surface morphology and’elemental
distribution were assessed via scanning electron microscopy coupled. with.energy=dispersive X-ray
spectroscopy (SEM-EDS, JSM-7500F, Japan Electronics Co., Ltds Japan)..Chemical composition
and surface functional groups were analyzed by Fourier transform infrared spectroscopy (FTIR;
Nicolet IS50, Thermo Fisher Scientific Inc., USA) across the wavenumber range of 400-4000 cm™
with a resolution of 2 cm™, as well as by X-ray photoelectron spectroscopy (XPS; K-Alpha, Thermo
Fisher Scientific Inc., USA).

2.2 Working Electrode Preparation and Characterization

All electrochemical experiments:were.conducted in.a Faraday cage with an EC-lab potentiostat
(Biologic Science Instruments SP-200, France) at 298K. A standard three-electrode system includes
a carbon macro or micro-dis¢’ electrode as.the working electrode, an Ag/AgCl reference electrode,
and a graphite counter electrode. Prior toreach cyclic voltammetry (CV) scan, the glassy carbon
electrode (GCE, diameter of 3.02 £ 0.005 mm) or carbon fiber electrode (CFE, diameter of 5.0 um)
was respectively polished‘on’a soft suede pad using alumina slurries with progressively smaller
particle sizes (1.0, 0.3,.and0.05 pm). Then the electrode was rinsed thoroughly with ultrapure water
and dried under/a stream of nitrogen gas. (Specific figures and testing principles of the working
electrode are seen inthe appendix).

2.3 The Modification and Electrochemical Behavior of CNBC on GCE

The-NBC as prepared was suspended in a 1:1 (v/v) ethyl alcohol/water mixture and stirred
vigorously. Subsequently, 0.8 pL ofa 2.5 g-L"! CNBC suspension was drop-cast onto the pretreated
GCE and then dried under nitrogen gas for 10-15 minutes.

Ammonium molybdate tetrahydrate (AMT) was dissolved in a 0.05 M K,SO4 solution,

preparing an 8 mM ammonium permanganate K»SOs stock solution for the cell (pH = 5.1, without
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adjustment). Working solutions at pH = 3.50 and 7.08 are obtained by adding 0.5 M H,SO4 and 0.5
M KOH to adjust, respectively. The GCE was first placed in a 0.05 M K,SOj4 solution (blank solution
without Mo (VI) and phosphate) for CV at 50 mV/s to compare with the CV of the experimental
groups in the presence of Mo (VI). For the CV of Mo (VI) reduction and oxidation in the presence
and absence of phosphate from NBC, the working macroelectrode was first placed in 8 mM Mo
(VD))/K2S0O4 stock solution at pH = 3.50, 5.12, and 7.08, respectively, to test CV. Accordingly, the
NBC-modified GCE was then scanned in 8 mM Mo (VI) K>SO4 stock solution at pH = 3.50; 5.12,
and 7.08, respectively.

The potential window was set from 0.6 V to -0.2 V, -0.6 V to -0.3V, and 0.6 V't0-0.8 V, at pH
=3.50, 5.12, and 7.08, respectively, due to the translation of CV curves resulting from pH changes.
The voltammograms were recorded at different scan rates (235, 50, 100; 200, and 400 mV s™!) for
each group.

Each time before CV scanning, the GCE was polished in the method mentioned earlier, cleared
by ultrasound for ten seconds, and dried with mnitrogen current.. For biochar-modified groups, the
working electrode was polished and then remodified after each.scan.

2.4 Single Entity Collision of Nano-biochar at‘Carbon Micro-wire Electrode

The carbon fiber micro-wire electrode. (7 yim diameter and approximately 1 mm in length) used
for nano-impact experiment was fabricated as follows: A single carbon fiber (7 um diameter) was
stuck to a conductive copper wire by using silver explosive (RS Components Ltd.), followed by a
20-minute heating'in'the oven‘at358 K. This connection was carefully threaded within a plastic
pipette tip, enabling only the carbon fiber micro-wire to protrude from the end. To prevent electrical
leakage, the gap between the carbon fiber, copper wire, and the pipette tip was sealed with
cyanoacrylate adhesive..The prepared microelectrode was then placed in the heating in the oven at
358K overnight to ensure the adhesive fully dried. Before the first use in nano-impact experiments,
each fresh carbon fiber microelectrode was trimmed to approximately 1 mm.

Nano-impact experiments were supported by chronoamperometry (CA), setting the potential
range from 0.6 V, 0.4 V,0.2V,0V, -0.2 'V, -0.4 V to -0.6V with a sensitivity of 100 nA, sampling
interval time (d;) of 0.001 s. To investigate the electrochemical peaks and charge in the presence of
NBC at different pH, was performed in one group with Mo (VI) and CNBC and another group with
NBC but without Mo (VI). In the first group, A 0.5 mL 0.1 g.L"! NBC solution was added to a 0.05
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M K»SO4 solution, forming a 5 pg-L™! NBC suspension in the cell at pH = 1.87 and pH = 4.94. In
the other group, CA is tested in the cell of 5 mM Mo (VI) in K2SOy4 solution at pH = 1.87 and pH =
4.94. The pH = 1.87 cell solution is adjusted by a small addition of 0.5 M H,SO4.
2.5 Species Distribution of Molybdate/Phosphorus Containing Compounds

In order to better understand the electrochemical behavior with the involvement of Mo/(VI)/P
species and complexes during reactions, theoretical species distribution using Hydra/Medusa: 2!,
software was conducted based on the chemical reaction equations between speciation of Mo (VI)
and phosphate (P) below.

Mo (VI) oxoanions are polymerized into dimolybdate (Eq. (1)), heptamolybdate (Eq. (2)), and
Octamolybdate (Eq. (3)) as acidity enhances. Meanwhile, Mo (VI).is'protonated forming molybdic

acid (Eq. (4-6)).

2MoO4* + 2H* - M0,07* + H,0 (1)
7 MoO4* + 8H" =Mo070,4% + 4H,0 ?2)
8 MoO4* + 10H* = MosOz6* + 5H,0 A3
MoO4* + H" = HMoOy @)
MoO4* + 2H* - H;MoOy4 5)
MoO4* + 3H* > H;MoO4* (6)

With H', phosphate (PO4¥) ions are protonated, forming polyprotic acid (Eq(7), Eq(8), Eq(9)).

PO + H' » HPO4* @)
HPO.* + HY = H,PO4 ®
H,POs +H*—= H3PO, 9

Though phosphate is electrochemically inactive, the complex formed by the reaction between
phosphate and Mo (V1) is electroactive. As Eq. (10) shows, PMo1204¢>, the well-known Keggin
anion.of the phosphomolybdate complex, appears in acidic aqueous solutions. However, when pH
changes, the'polyoxomolybdate ions appear in various forms 2.

TH3PO4 +12M07024% + 51H" — 7[PM012040]* + 36H,O0 (10)

Since pH and proportion of concentration of Mo (VI) and PO4> in aqueous solution affect the
fraction of concentration of polymerized Mo (VI) oxoanions and polyprotic acid in multiple
structures, the speciation distribution is calculated and graphed to analyze the predominant pattern

of complex and electrochemical reactions under different conditions.



According to the equations of phosphate and Mo (VI), the following equations forming a

complex of PO4* and Mo (VI) are considered in speciation distribution.

2P0 + 5M004* + 10H* = P;MosO2% + 5H,0 (11
2P0 + 18MoO4> + 36H" — P;Mo1306:% + 18H,0 (12)
PO + 11M0o0O4> + 18H" — PMo11039" + 9H,0 13)
PO+ + 12MoO4* + 24H* = PMo1;04* + 12H,0 14)

2.6 Quantum Chemistry and Ab Initio Molecular Dynamics Calculations

DFT calculations of molecular structure modified with various oxygen-containing functional
groups were conducted by Gaussian 16. A Ca’>" was added to better simulate the attraction and
bonding between PO4>” and NBC. B3LYP functional with 6-31G*"basis set wastised to-describe the
electronic structure, compute the bonding energy, and surface electrostatic potential. The bonding
energy between phosphate and biochar equals the energy of biochar with Ca** and phosphate minus
the sum of the energy of phosphate and Ca®’. The long-range interaction was accounted for by
applying Grimme’s D3BJ dispersion correction®’. After optimization, frequency calculation was
performed to ensure no imaginary frequency-was present:

According to the position of peaks:in Infrared spectroscopy, the functional groups containing
C=C, C=0, -OH, C-H, -CH3, and'C-Q are modified around the edge of the graphene structure of
NBC 226, Therefore, function groups, including-aldehyde, carboxylic acid, methyl formate, etc.,
are modified at the edge of biochar for bonding energy calculations, respectively.

To further investigate the molecular dynamics of NBC with phosphate in a solvation
environment, we conducted-ab initio‘'molecular dynamics (AIMD) simulations of the structure with
the modification best-fitted to eéxperimental results. The calculation was set based on software CP2K
using DZVP-MOLOPT-SR-GTH as basis set and GTH-PBE as pseudopotential with Grimme’s D3
dispersion correction.with BJ damping. The simulation was performed for 10000 steps with a step
size of 1fs (1072s) at the NVT ensemble. The canonical sampling through velocity rescaling (CSVR)
thermostat was applied to control the temperature of the simulation at 298 K.

2.7 Data Processing

Data from CV and CA are collected through EC-Lab, and peaks in single-entity collision data

are processed and analyzed by Signal Counter. Simulation of Mo/P species in the solution under

different pH is conducted by Hydra/Medusa. Graphs and corresponding data analysis, including
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linear regression, are completed by Origin. DFT calculations and visualization are performed by
Gaussian 16W and GaussView 6.0. AIMD simulation is completed on the software CP2K. Results

of AIMD are visualized through OVITO and VMD.
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Figure. 1 The Logic Flow Chart of the Experiment

3. Results and Discussion

3.1 Morphology Features and Characterization of Nano-biochar

The SEM characterization of samples of CNBC and MNBC is shown in Figure. 2. According
to Figure. 2 (a) and (c), both types of NBC exhibit granular crystalline structures formed under high-
temperature pyrolysis. Eigure. 2 (b) and.(d)further demonstrate that NBC particles adhere to the
surface of these crystals.

Figure 3.(a) compares/the FTIR spectra of NBC derived from two plant sources. The CNBC
shows more pronounced and distinct peaks in the range of 1500-500 cm™!, particularly associated
with P—O'stretching, and M—O coordination bonds in the fingerprint region. This suggests that
CNBC has a’stronger/capacity to bind phosphate, making it a suitable carrier of phosphate in soils
and a promising material for electrode modification in electrochemical applications. The M—O

1 4. Therefore,

vibrations further imply the presence of metal ions, such as Ca?" within the materia
CNBC was selected for subsequent experiments.

As shown in Figure. 3 (b), the FTIR spectra of CNBC and its original bulk biochar (CBC)
reveal broad —OH stretching peaks at 3426 and 3371 cm’'. Multiple peaks between 1700 and 500

cm’! indicate the presence of C=0, C—O, C-H, and C=C functional groups, suggesting that carbonyl
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groups such as aldehydes, ketones, carboxylic acids, and alkyl esters are likely present on the
surfaces of both CBC and CNBC. The broad absorption band from 1600 to 800 cm™ indicates an
amorphous phase. Peaks near 1000 cm™ and within 700-560 cm™! confirm the presence of inorgani¢
salts such as phosphate. Compared with BC, NBC exhibits sharper and more distinct splitting peaks,
reflecting stronger vibrational coupling of P-O—C, higher PO4* content, and an increased degree of
crystallinity. These features enhance its phosphate-loading capacity, making CNBC more suitable
for electrode modification and field applications.

As shown in Figure. 3 (¢), CNBC samples were pyrolyzed at multipletemperatures (300, 400,
and 500 °C) to optimize thermal treatment conditions. The peak distribution and intensities of
oxygen-containing groups were generally consistent across the-three temperatures. However,
NanoBC-500 °C displayed sharper, denser, and more distinet splitting peaks, indicating a higher
concentration of PO4* and was therefore selected for electrode modification. The right-shift of the
C—O peak at 500 °C can be explained by two/possible mechanisms: (i) decarboxylation of
carboxylate groups (R-COQO"), releasing CO-'andforming C—O—-C or —COOR structures, which
reduce polarity and hydrogen bonding, thereby shifting the symmetric stretching from ~1400 cm™!
to ~1200 cm’'; or (ii) partial graphitization of th¢ carbon matrix at elevated temperatures, with
residual oxygen incorporated ‘intosthe ordered sp? carbon skeleton as symmetric C—O—C, which
restricts vibration and lowers frequency.

The surface chemical states of CNBC were further investigated by X-ray photoelectron
spectroscopy (XPS), with spectra shown'in Figure. 4 (a—d). The C 1s spectrum (Figure. 4 (a)) reveals
three peaks at 284.8, 288:0,/and 293.3 eV, corresponding to C-C, C-O—C, and O-C=0 bonds,
respectively. The high-resolution O 1s spectrum (Figure. 4 (b)) is deconvoluted into three peaks:
531.0 eV (O-1), assighed to lattice oxygen (O* in metal-oxygen frameworks); 532.2 eV (O-II), the
most intense peak, attributed to surface-adsorbed oxygen species active in oxidation reactions; and
533.6.¢V (O-III), which may be associated with oxygen in carbonyl groups (—COOH and —C=0)
or phosphate (PO+*"). The P 2p spectrum exhibits a spin—orbit doublet, with P 2p;» and P 2ps3»
separated by 1.09 eV. Similarly, the Ca 2p spectrum shows two peaks (Ca 2pi2 and Ca 2ps2) with a

splitting energy of 3.63 eV.
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Figure. 2 Scanning electron microscope (SEM) images of biochar.from corn straw at 10 k (a) and

30 k (b) and from canna indica leaves at 10 k (¢) and 30 k (d).
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Figure. 3 Fourier-transform infrared spectroscopy (FTIR) of NBC (CNBC) made from canna and

corn (a). FTIR.of canna-sourced biochar (BC) and CNBC (b). FTIR of CNBC at different pyrolysis

temperatures of 300, 400, and 500 °C, respectively (c).
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Figure. 4 The X-ray photoelectronic spectroscopy (XPS) peaks.of C 1s (a), O 1s (b), Ca 2p (c), P 2p
(d) for CNBC.
3.2 First Principle Understanding and Modulating of NBC Molecular Structure

The nature, especiallyelectronegativity, of these essential oxygen-containing functional groups
marks the electron motions between molecules, which dominate the bonding and dynamics of NBC
and phosphate. To better explore the structure and energy of the combination of biochar and
phosphoric acid from a microscopic perspective, DFT calculation is conducted.

To optimize the adsorbent capacity of biochar for phosphate adjustment in soil, factors at the
molecular structure level need to be considered, such as hydrophobic attractions, electrostatic
interactions and surface modification®. The bonding between CNBC (Figure. 5 (a)) and phosphate

(Figure..5 (b)) is bridged by Ca’* as Figure. 5 (c) shows.

14



(a) NBC (with Ca?") (b) Phosphate(H,POy) (c) NBC+P
Figure. 5 Molecular models of NBC with Ca (charge = +1), phosphate (Charge = -1) and bonding
configurations before optimization computations (Charge = 0). Grey atoms represent C; white atoms
represent H; red atoms represent O; yellow atoms represent Ca; orange atoms represent P.
Structural optimization and frequency calculation are performed for 13 different surface
modifications, including C=0, C-O, etc. Under the current precision achieved=by quantum
calculations, the Hartree energy of the most stable geometric configuration is concludeds The

bonding energy between NBC with Ca*" and phosphate is calculated as follows.

Eg = Expcip — (Expc + Ep) @as)

The configurations after frequency computation and optimization are shown in Figure. 6, and the

bonding energy calculated is listed in Table 1.
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Table. 1 The calculated bonding energy. Structures in moderate bonding energy between -720
kJ-mol! and -680 kJ-mol™! are marked in blue. The modification of “Methyl Ester + Hydroxyl” is

selected to perform AIMD simulation, marked in red.

Modification Eg/ kJ-mol’!
NBC-Ca-P-blank (none) -750.943
NBC-Ca-P-CHO -703.952
NBC-Ca-P-COOH -707.320
NBC-Ca-P-COCH; -720.779
NBC-Ca-P-COOCH3 -678.904
NBC-Ca-P-COCH,CH3 =702.366
NBC-Ca-P-COOH-OH =682.462
NBC-Ca-P-20H -738952
NBC-Ca-P-2COOH(M) <662.361
NBC-Ca-P-COCH3:-OH -663.012
NBC-Ca-P-COOCH3-OH <098.257
NBC-Ca-P-COCH3;-CHO -690.230
NBC-Ca-P-COCH3;-COOH -700.494
NBC-Ca-P-2COOH(P) -807.040

When there is no any modification, NBC with Ca®* initially binds with negatively charged
phosphate with high bonding energy due to- electrostatic attraction. The introduction of new
electronegative functional groups, such-as aldehyde, methyl acid, ester, etc., disperses and
neutralizes the local positive charge of Ca®" on its ortho position. This competition between the
negatively charged modified functional group and anionic phosphate significantly reduces the
bonding affinity. Based.on the.difference of this affinity among various configurations, the tradeoff
between the two functions of NBC—supplementing P as released fertilizers and preventing P runoff
by absorbents—can be'balanced. In order to achieve NBC’s slowly-released property, structures in
Table 1 inh moderate bonding energy between -720 kJ-mol™! and -680 kJ-mol! are considered as a
more idealmodel of P fertilizers. Generally, the more oxygen-containing functional groups modified
to. NBC, the more the repulsion forces between NBC and phosphate with metal ions, the more
dominant its releasing effect is. Conversely, reducing oxygen-containing functional groups can
enhance P absorption and fixing ability. Through controlling pyrolysis temperature and selecting

different raw materials, NBC’s property of adsorption or release can be adjusted with different
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concentrations of oxygen-containing functional groups. Therefore, the slow-releasing rate could be
regulated by NBC modifications.

FTIR can be mapped based on the frequency calculations. Each structure’s generated FTIR is
compared with the experimental FTIR. The following figure shows the lab FTIR and the NBC

modified with -COOCH3 and -OH, of which the theoretical FTIR best matches lab results.
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Figure. 7 Comparison of FTIR tested in lab.(below) and simulated by DFT computations (above) of
vibrance and frequency. Black and grey lines mark peaks appearing at close frequency.

As Figure. .7 shows; most‘peaks-appear from 1700 cm™ to 800 cm™! in the experimental FTIR
also exhibit at close frequency in the IR simulated by DFT computation. The match of peaks in this
range indicates this theoretical model has similar oxygen-containing functional groups as the canna-
sourced NBC used for'lab experiments. Based on the surface property similarity between this model
and experimentmaterial, we choose this molecular structure to examine its dynamic interaction with
phosphate through CPMD. The ab initio simulation is performed for 10000 steps at 1 fs per step.
The following figures show motions of molecules at different steps and the process of molecular

dynamics within mesh.
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Figure. 8 (a) The initial configuration of the system for AIMD simulation. The box dimensions are
20Ax20Ax20A with periodic boundary condition; (b) temperature profile in the system (NVT
ensemble) from 0 fs to 10000 fs and mean temperature and standard error of temperature from 9800
fs to 10000 fs; (¢) A snapshot of the system at 10000 fs (the part of Ca and phosphate is framed); (d)
Electrostatic potential figure of NBC-Ca-Phosphate complex at initial after structural optimization;
(e) solvated structure.of NBC-Ca-Phosphate complex obtained from AIMD calculation at 298K.
The solvation structure.was stabilized by many hydrogen bonds, shown in dashed lines. Ca is in
yellow, P is‘orange, carbon is grey, oxygen is red, and hydrogen is white.

According-to Figure. 8 (b), the system reached equilibrium after 2000 fs, as evidenced by the
stabilization of the temperature around 298 K. As Figure. 8 (a) and Figure. 8 (c) shows, Ca®" and
phosphate detach from NBC from 0 fs to 10000 fs, forming a contact ion pair at a stable distance.
As the surface electrostatic potential visualized in Figure (d), the O from NBC disperses the
nucleophilicity of O from phosphate, therefore weakening the attraction between phosphate and

NBC. Although carboxyl is still being attracted in the direction of phosphate, the steric hindrance
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between the O in H,O and the electronegative hydroxyl and methyl acid keeps a certain distance
between P and NBC, confirming that P could be steadily released from NBC instead of being
strongly absorbed and difficult to separate. Therefore, CNBC has the potential of being a P fertilizer
from a micro perspective.

Despite the separation between phosphate and NBC discussed above, the general process is
slowly released in soil since the material is difficult to dissolve in water, as Figure. 8 (€) indicates.
Traditional soluble P fertilizer quickly releases a large amount of phosphate in a short time, causing
an imbalanced nutrition supplement, whereas the NBC in this study can release P “for plants
continuously and uniformly in the long term. Additionally, the insolubility of NBC'also prevents
runoff and significant loss of P, reducing eutrophication of water.

3.3 Theoretical Calculation on Species Distribution as a Function of pH

A major challenge in direct reduction for the electrochemically inert nature of phosphate lies
in its inherent structure with a high enthalpy of hydration. Therefore, phosphate is often quantified
indirectly via its derivatization in the molybdenum blue.(MB) reaction, which is widely used for
standard orthophosphate determination 2’. Previous studies have shown that phosphate signals can
be distinguished electrochemically usingumacro-electrodes, where the reduction of Keggin-type
PMo1,049” anions is prevalent.over the lower pH'region 2 2. To better identify the phosphate
content loaded by CNBC, we focused.on the electrochemical behaviour of CNBC in the absence
and presence of Mo (VI)across a broader pH range. Prior to electrochemical measurements at the
ensemble and single-entity levels.of CNBC, the speciation distribution of Mo (VI), phosphate and
their complexes were simulated using Hydra/Medusa software under conditions over the pH range
of 0 to7.

As shown 4n' Figure. 9 (a), Mo (VI) species undergo protonation and self-condensation
depending.on solution acidity. At pH < 3, dihydrogen molybdate (H2M0QO4) mainly exhibits in the
solution as’a result of significant protonation and the polymerized Mo;7024 depolymerizes under
strong acidic condition. When 3 < pH < 5, M07024* becomes the dominant species in solution. At
pH > 5, monomeric MoO4>" predominates in the solution. Minor species such as H;MoO4" and
HMoOy are only in small fraction. The ionization of phosphoric acid is strongly related to pH.
H,POy4 is the major species in the pH range of 2.2 < pH < 7.2, meanwhile H;PO, and HPO4*" are
dominant in strongly acidic (pH < 2.2) and alkaline (pH > 7.2) conditions.
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Figure. 9 (b)-(f) illustrate the speciation distribution of Mo (VI) and P in different concentration

proportions with pH from 0 to 7. When [PO4>] is lower than 0.1 mM, the concentration of Mo-P

complex is negligible in the system. According to Figure. 9 (e) and (f), PaMo01sOs2® replaces

PMo12040* as [PO4>] is higher than 0.1 mM, becoming the major Mo-P complex in the solution in

strong acidic conditions (pH<3) and indicating (Eq (12)) is the dominant reaction in strong acidic

solution. As 3 <pH < 4.5, (Eq (13)) is the dominant equilibrium and forms the complex PMo;;039”"

in abundance. However, as the proportion of [PO4>] to [Mo (VI)] increases, P2MosO2;° replaces

PMo11039” as the major complex formed by Mo (VI) and P at 4.5 < pH < 5:5.for.the reaction of (Eq

(11)). When pH > 6, Mo—P complexes are largely absent. These theoretical results provide a

foundation for interpreting subsequent electrochemical experiments:
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Figure. 9 Speciation distribution of molybdate ions and phosphate at different pH (a). Speciation

distribution of 8 mM Mo (VI)with [PO4>] of 1 pM, 10 pM, 100 pM, 1 mM and 10 mM, respectively,

at different pH (b-f).

34 Electrochemical Behavior of Mo (VI) in the Solution Phase in CV
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Figure. 10 (a) CV of a bare GCE in.0.05:M K,SO4 solution (pH = 3.50) and it in presence of 8 mM
Mo (VI) at a scan rate of 50 mV/s from.0.8 V.to~1.0V; (b) CV of a bare GCE in 8 mM Mo(VI1)/0.05
M K>SOy solution (pH = 3.50) scanned from 0.8 V to -1.0 V at a scan rate of 25, 50, 100, 200 and
400 mV/s and the linear.model of peak 1, 2,3 and 4; (¢) CV of a bare GCE in 8 mM Mo(VI1)/0.05
M K>SOy solution (pH =:3.50) scanned from 0.6 V to -0.2 V at a scan rate of 25, 50, 100, 200 and
400 mV/s and the linear model of peak 1 and 2; (d) CV graphs at 50 mV/s of biochar-modified GCE

in solution 8 mM Mo (VI)/0.05 M K2S04 at pH=3.50, 5.12 and 7.08.

Following .the theoretical analysis, the electrochemical behavior of bare GCE was first
examined in‘the.absence and presence of Mo (VI). Setting the scan rate of 50 mV/s through the full
potential.range from 0.6 V to -1.0 V, as shown in Figure. 10 (a), in 0.05 M K,SO4 solution without
Mo (VI), no significant reduction peaks were observed. In comparison, four distinct cathodic peaks
appeared at -0.01 V, -0.22 V, -0.50 V and -0.75 V respectively in the presence of Mo (VI) (pH =
3.50). In Figure. 10 (b) and (c), as the scan rate varies from 50 mV/s to 400 mV/s, the peak current

of peak 1 and 2 has a positive linear relationship with scan rate (R;*> = 0.9965, Ry?> = 0.9857).
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Meanwhile, the peak current of peak 3 and 4 has a positive linear relationship with the square root
of scan rate (R32= 0.9936, R4>= 0.9940). Consequently, the reduction reactions that happened at
peak 1 and 2 are under adsorption-controlled and those that happened at peak 3 and 4 is under
diffusion-controlled. The valence states of the Mo-based redox couples involved in the four, peaks
were assigned based on literature reports. Specifically, K.Chandarasekara Pillai et.al proposed that
peak 4 corresponds to a solution-phase diffusion-controlled electron transfer, while/peak 3 reflects
adsorption effects at higher scan rates *°. Lu et al. attributed all four peaks to stepwise Mo(VI) —
Mo(V) reductions in different chemical or adsorbed states 3! %2,

In our study, an oxidation peak at -0.43 V was detected in the reverse scan in'thé\presence of

Mo (VI) with a peak-to-peak potential separation value (Ep) of 0.238+0.010 Vy-indicating a quasi-

reversible one-electron transfer process. The corresponding reduction steps.can be summarized as:

Mo (VDa + e = Mo (V)aas peak 1 (16)
Mo (VI)p + e = Mo (V)aas peak 2 a7
Mo (VI)+ e = Mo (V)sa peak 3 (18)
Mo (VI)a + e = Mo (V)sa peak 4 a9)

Since peaks 1 and 2 represent surface adsorption-controlled processes, they were selected for
detailed analysis of phosphate interactions with-Mo(VI) at CNBC according to previous studies "
33, Peaks 3 and 4, governed by.diffusion, were attributed to the main redox processes of Mo—P
complexes. Further investigation on the.eleetrochemical behavior of Mo (VI) reduction within a
narrow potential range (0.6 V t0~0.2'V, 0.6 V to -0.3 V and 0.6 V to -0.8 V) corresponded to different
pH values (3.5, 5.1 and 7.9)revealedthat the peak potential of peaks 1 and peak 2 were observed to
shift negatively as pH was increased Figure. 10 (d), consistent with proton-coupled electron transfer.

The dependence follows the Nernst relationship:

2.303mRT
nF

E=E° pH (20)

where'E is the observed potential, E° is the standard electrode potential for the reaction, m and
n are' the.number of protons and electrons involved in the electrode reaction, respectively, R is the
universal gas constant, T is the absolute temperature, F is the Faraday constant. The diminishing
peak intensities with increasing pH correlate with the speciation shift toward unprotonated Mo (VI)
species in agreement with the theoretical speciation distribution.

3.5 Electrochemical Identification of Surface-Bound Phosphate on CNBC
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Figure 11. (a) CV of a bare GCE and.a GCE modified with 8uL 2.5 gL' CNBC in a 8 mM Mo
(VID)/0.05 M K,SO4 solution (pH = 3.50) at a scan'rate of 50 mV/s from 0.6 V to -1.0 V; (b) CV of
GCE modified with 8uL 2.5'g.L"! CNBC.in a-Mo (VI)/0.05 M K,SOy4 solution (pH=3.50) scanned
from 0.6 V to -0.2 V at.a scan rate 0of.25,50, 100, 200 and 400 mV/s and the linear model of peak 1
and 2; (c) CV ofa bare CGE and'a 8pL g-L "' CNBC-modified GCE in solution 8 mM Mo (VI)/0.05
M K»S04 at pH = 3.50, 5:12"and 7.08 at a scan rate of 50 mV/s scanned from 0.6 V to -1.0 V, -0.2
V, -03 V. and -0.8 V respectively; (d) CV of a bare GCE and a CGE modified with 8puL 2.5 g.L!
CNBC in a 0.05'M K>SO4 solution (pH = 3.50) at a scan rate of 50 mV/s from 0.6 V to -1.0 V.

To probe the reactive phosphate species loaded by CNBC, a defined amount of CNBC was
immobilized on the surface of bare GCE to investigate the electrochemical performance of
phosphate loaded by particles in the presence of Mo (VI). As shown in Figure. 11 (a), the CNBC-
modified GCE exhibited four reduction peaks at -0.01 V, -0.23 V, -0.50 V and approximately -0.87
V, respectively. Compared with bare GCE in section 3.4, the CNBC-modified electrode produced

significantly larger reduction charges (peak areas) at peaks 1 and 3, indicating that phosphate species
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associated with CNBC actively participated in redox interactions with Mo (VI).

A more focused scan window (Figure. 11 (b)) revealed that peaks 1 and 2 observed at 0.05 V
and -0.15 V, displayed strong positive linear relationships between peak current and scan rate (R,
=0.9979, R1>=0.9893), indicating adsorption-controlled processes. This behavior confirms that the
phosphate species anchored on CNBC surfaces contribute directly to electrochemical signals by
forming surface-bound P-Mo (VI) complexes.

Mechanistically, the reduction of surface-associated P-Mo (VI) complexes occurs through
multiple steps that can be assigned to observed peaks. Peak 1 is assigned to the one-electron
reduction of the most electroactive Mo (VI) centers interacting with phosphate groups at the CNBC
surface, forming Mo(V). The second cathodic peak 2 corresponds-to the subsequent reduction of
less accessible or more strongly bound Mo (VI) species. At more negative potentials, a pronounced
increase in cathodic current is attributed to a possible surface catalytic (EC”).process . The overall

process can be expressed as:

Mo (V)ads + PMo12(VI)O40> = Mo (V) + PMo2(V)Mo1o(VDOs* 21
(Mo (V)c)sot + PM02(V)Mo1o(VI)Os0> = (Mo(VI)C)sor +PMos(V)Mosg(VI) Q4™ 22)

The pH dependence of the electrochemical response was examined at 3.50, 5.12 and 7.08
(Figure. 11 (c)). With increasing pH, peak<potential shifted negatively, consistent with proton-
coupled electron transfer. dn acidic solutions, both cathodic and anodic peaks in CV became more
pronounced with higher‘currents andlarger charges, reflecting enhanced accessibility and stronger
binding of phosphate groups at'the CNBC surface. These results indicate that acidic conditions are
most favorable-for revealing the active phosphate sites on CNBC.

As’illustrated in Figure.13 (d), the comparison between bare and CNBC-modified GCEs
highlights the significant role of CNBC. The enhanced electrochemical responses are attributed to
oxygen-containing ' functional groups and defect sites at CNBC surfaces. These surface
functionalities not only stabilize phosphate species but also promote their effective complexation
with Mo(VI), thereby amplifying the redox signals. Together, these results confirm that CV of
CNBC-modified electrodes provides a direct electrochemical signature of surface-active phosphate
species, thereby offering a fundamental mechanism to probe the phosphate functionality carried by
CNBC at single-entity level.

3.6 Electrochemical Identification of Phosphate Loaded by Single CNBC Particle
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Nano impact experiments were conducted to probe the electrochemical redox behavior of
CNBC via the collision of individual CNBC particles with a microelectrode held at different
potentials. The representative chronoamperograms are measured at -0.6 V, -0.4 V,-0.2V,0V, 0.2 V,
0.4 V and 0.6 V using a carbon micro-wire electrode saturated in 0.05 M K2SOj4 solution with the
presence of Mo (VI) and absence of Mo (VI) at pH = 1.87 (Figure. 12) firstly, respectively. As'shown
in Figure. 13, typical signals in chronoamperograms at each potential are selected, displaying the
frequency, residence time, current charge, shape, etc. The current charge and peak height under each
potential are displayed in Figure. 15, along with its distribution in Figure. 16.

Here, further research is expected to thoroughly identify the content of reactive phosphate
loading on the CNBC particles at the single-entity level, based/on.the electrocatalytic reduction of
free Mo (VI) ions with the involvement of PMo12040> as described in section 3.5. As shown in
Figure. 13 (a-g) and 15, the reductive steps and spikes were.observedover the potential range from
-0.2 V to -0.6 V at pH = 1.87. Steps occur when.a (CNBC particle collides with to electrode and is
stably attached to the electrode surface and continues to.react. Spike exhibits shortly as particles
touch the electrode and quickly detach. At potential of -0.2 V;-0.4 V and -0.6 V, the average current
height of reductive spikes achieved'=1.03x10%, -5.36%10 and -1.04x10" mA with the average
charge of -4.48x10%, -2.10x 10 and =5.15%10%.mC, respectively. As for the oxidative signals,
extending the applied potential positive than 0V, oxidative impacts appeared and demonstrated a
potential dependency forthe impact cutrent height and charge as shown in Figure.13. At potential
of 0V, 0.2 V and 0.6 'Vi.the avérage curtent height of oxidative spikes achieved 4.97x107, 1.61x
10° and 1.96x107°> mA with the average charge of 1.48x10%, 4.22x10° and 1.43x10”7 mC,
respectively. It is speculated that the spikes are primarily associated with the oxidation of the CNBC
themselves, possibly at.edge planes and at pre-existing oxygen functionality, such as the quinone
functionality inferred from previous study™.

Incomparison with the more acidic condition, when the pH = 4.94 (Figure.14), for the
reductivesignals, steps are larger at pH = 1.87 than at pH = 4.94, with longer residence time (ranging
from 0.025 s to 0.4 s. As shown in Figure. 12 and 13 (h-n), the residence time is rarely more than
0.05 s at pH = 4.94, indicating a smaller charge than that at pH = 1.87. As for oxidative signals,
indicated by Figure. 16, the current charge at pH = 4.94 is smaller than that at 1.87. At potential of
0.2V,0V-0.2V,-0.4V and -0.6 V, the average current height of reductive spikes achieved -1.36x
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10, -6.40x10°° and -9.42x107,-9.17x107 and -5.18x 10" mA with the average charge of -7.44x
107, -1.99x107 and -3.01x10?, -1.68x10” and -8.76x 10 mC, respectively. As for the oxidative
signals, appearing mainly in 0.4 V and 0.6 V, the average current height of reductive spikes achieved

1.70x 107 and 3.68x 10" mA with the average charge of 4.81x10°® and 1.27x10'mC, respectively.
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Figure. 12 Representative chronoamperograms of reductive and oxidative impact signals from the
carbon micro-wire electrode saturated.in 0.05'M K,SO4(blank), 5 pg-L' CNBC/ 0.05 M K»SOq, 4

mM Mo(VI) /5 pg-L™! CNBC/ 0.05'M K,SO4 solution, respectively, at pH of 1.87 at -0.6 V, -0.2 V,

0Vand 0.4V vsAg/AgCL
(a).-0.6V 1.25E:2 pA (h) -0.6V 25E-3 pA _
5s e T
(b) -0.4V 2583 "A]T- (i) -0.4v 5E-3 uA]T‘
|
WWW ™ ‘ ' ]
(c) -0.2v seapal () -0.2v 1E3 A
(d) ov SE-4 A (k) ov SE3uA
5s 5s
(e) 0.2v ] () 02v
- 5s 2.5E-3 pA|
5s
(m) 0.4V 1E2 A
f) 0.4v e
25E-2pA _ -
0.6V
(@ 0.6v 25E2 pA ®) 0.1 pA
5s =5

27



Figure. 13 Representative chronoamperograms of reductive and oxidative impact signals from the
carbon micro-wire electrode saturated in 5 ug:-L"' CNBC/ 4 mM Mo(VI)/ 0.05 M K,SOy4 solution at
pH = 1.87 under potential of -0.6 V (a), -0.4 V (b),-0.2 V (c),0V (d), 0.2V (¢), 0.4 V (f) and 0.6 V
(g); Representative chronoamperograms of reductive and oxidative impact signals from the carbon
micro-wire electrode saturated in 5 pg-L' CNBC/ 4 mM Mo(VI)/ 0.05 M K,SOy4 solution at pH =

4.94 under potential of -0.6 V (h), -0.4 V (i), -0.2 V (j), 0 V (k), 0.2 V (1), 0.4 V (m)and 0.6 V ().
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Figure. 14 Representative’'chronoamperograms of reductive and oxidative impact signals from the
carbon micro-wire electrode saturated in 0.05 M K»SO4(blank), 0.1 g-L”' CNBC/ 0.05 M K,SOy4, 4
mM Mo(VI)/ 0.1 gL' CNBC/0.05 M K»SO4 solution, respectively, at pH of 4.94 at -0.4 V, -0.2 V,

0V, 0.4 Vand 0.6 Vivs Ag/AgCl.
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Figure. 15 Current charge and peak height of reductive and oxidative peaks at -0.6 V, -0.4 V, -0.2 'V,
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Figure 16. Current charge and height of reduction and oxidation in single entity collisions of the

carbon micro-wire electrode saturated in 5 pg-L™' CNBC/ 0.05 M K»SO4 solution, respectively, at
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pH=1.87 (dark green) and 4.94 (blue); in 5 pg- L™ CNBC/ 0.05 M K»SO4 solution at pH=1.87 (brown)
and 4.94 (orange).

Electrochemical measurements of CNBC at single-particle level under acidic and close to
neutral pH conditions in the presence or absence of Mo(VI) revealed distinct distributions of peak
charge and peak height as shown in Figure.16. Most oxidative and reductive peaks exhibited heights
below 10> mA and charges smaller than 0.001 mC, indicating that the active sites of CNBC are not
uniform but instead span a wide energy distribution, consisting of a few strong binding sites and
many weak ones. This heterogeneity arises from nanoscale size effects and, surface functionality.
Smaller CNBC particles, with their larger specific surface areas and-more abundant defect sites,
exhibit higher activity and faster phosphate release rates. Moreover, the, binding of phosphate
strongly depends on the protonation state of oxygen-containing surface groups (—OH, -COOH, —
C=0). Under acidic conditions, protonation enhances electrostatic attraction and hydrogen bonding,
strengthening phosphate adsorption and producing stronger electrochemical responses. At near-
neutral or alkaline pH, deprotonation reduces theseinteractions, leading to weaker retention. Thus,
CNBC-phosphate interactions are governed not only by bulk composition but also by particle size,
morphology, and pH-dependent surface chemistry.

Conventional ensemble electrochemical techniques average out this variability, obscuring the
contribution of individual particles and preventing mechanistic insight into strongly bound, weakly
bound, and dynamically ‘exchanging phosphate species. In contrast, SECE directly captures the
stochastic collisions of individual'nanoparticles with an electrode, enabling quantification of their
phosphate loading.and binding behaviors. Therefore, the results above uncover the distribution of
active /sites, particle-to-particle heterogeneity, and the role of size and surface chemistry in
phosphate redox™ activity—providing mechanistic insights inaccessible through bulk methods.
Ultimately,, SECE complements ensemble methods by revealing the intrinsic heterogeneity of
CNBC=phosphate systems, thereby offering a more fundamental understanding of their role in

controlled nutrient release and environmental applications.

4. Environmental Implications

From an environmental perspective, the relatively weak intermolecular interactions between

phosphate and CNBC make the material an ideal candidate for slow-release fertilizers. Negatively
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charged oxygen-containing surface groups not only regulate phosphate retention but also attract
Ca”*, thereby stabilizing phosphate in soil while ensuring gradual nutrient release. Unlike
conventional fertilizers, which often cause rapid nutrient loss and environmental contamination,
CNBC ensures a steady phosphorus supply that matches plant growth requirements. The low cost
of Canna indica as a powerful source of NBC further adds future possibility of large-scale
application for this environmentally-friendly fertilizer. The waste straws of plants like Canna indica
could be collected, processed and utilized as a sustainable resource in agriculture, which reveals
more prospects of zero-chemical-fertilizer recyclable farmland management;, saving cost while
protecting the environment.

Most of all, this approach aligns closely with China’s national goals and its-emphasis on green,
low-carbon, and sustainable agriculture. The use of crop residues such as Canna indica for biochar
production directly contributes to carbon sequestration (J&] %) by stabilizing biomass carbon in soils,
while simultaneously reducing greenhouse gas emissions from'open burning of straw. Moreover, it
echoes the strategic direction of policies such as the Rural.Reéyitalization Strategy (2 ##Iz 2% 1)
3¢, the Zero-Growth Action Plan for Fertilizer Use (fk I8 K472t %1l) 37, and the 14th Five-
Year Plan for Green Agriculture (I8 FL4¢ AR R K 8, all of which encourage resource
recycling, chemical fertilizer reduction, and eco-friendly farming practices.

Therefore, NBC not only offers a:sustainable path for phosphorus management in agriculture
but also serves as a practical technology supporting China’s transition toward a low-carbon, circular,

and environmentally resilient agricultural system.

5. Conclusions

The, negative impact' of nutrient runoff and water eutrophication caused by conventional
chemical fertilizers raises demand for more environmentally friendly P fertilizer at low costs. In this
work, an.nvestigation into the macro and micro electrochemical properties of NBC derived from
Canna indica indicates its strong P slowly-release capacity in dynamic binding sites associated with
particle size and pH. Containing more metal ions and oxygen-containing groups compared with
NBC derived from corn stalks, CNBC more effectively detects phosphate and attracts, and this effect
is more significant as pH decreases, as CV and DFT calculations imply. The particle heterogeneity

in the CNBC-phosphate system revealed by SECE shows binding sites in multiple current charge
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and height, with most in labile adsorption sites and some in stable adsorption controlled by
electrostatic attraction between C-O, C=0, -OH, etc, and positive ions Ca’>" and phosphate. The
slow-release property of CNBC and NBC derived from other plants and agricultural waste marks
future application potential for sustainable resource utilization in farmland management. The
different functional modification on the edge of NBC is also expected to adjust its fixation orrelease

effect of P.
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Appendix

Working Electrode Preparation and Characterization (after 2.2)

150 T T T T T 8x10°©

(a) (b)

100 | —25mV/s E

——50mVis 4x1078 |
100 mV/s

50 200 mV/s
00 ms N
of =

N
X
_
=
>

Current/pA
g
/ N\
g
Current/pA

=100 |

—-8x10°°

1-0.00645%(scan rate)+0.00645|
RI=099801

—150 |

1 1 1 p —1x107° 1 1 1 1 1 1
—-0.2 0.0 0.2 0.4 0.6 0.8 -06 -04 02 0.0 0.2 0.4

Potential vs. Ag/AgCl Potential vs. Ag/AgCl

Figure. 17 (a) CV curves of macroelectrode GCE in 5 mM K3[FeCNg] / 0.1.M KICl solution at scan
rates from 25 to 50, 100, 200, 400 mV/s vs. Ag/AgCl; (b) €V curve of CFE in 5mM K;3[FeCNs] /
0.1 M KCI solution at a scan rate of 5 mV/s vs. Ag/AgCl.

The polished GCE and CFE were respectively characterized using CV in a 5 mM potassium
ferricyanide (K3[Fe(CN)g]) solution containing 0.1-M potassium/chloride (KCl). Different scan rates
from 25 mVs™! to 50, 100, 200, and 400 mVs™ were set.in turn to obtain the voltametric curves of
bare GCE. As shown in Figure.2 (a); a reduction.peak’at 0.164 + 0.0161 V and an oxidation peak at
0.277 + 0.0152 V were observed, respectively. According to the Randles-Sevcik equation, the strong,
positive linear relationship between the peak current and the square root of the scan rate (R>=0.9980)
proved that this electrochemical reaction is electrochemically reversible and under diffusion-
controlled. Differently, the CV of CFE at a scan rate of 5 mV/s displayed a sigmoidal shape without
well-defined peak shapes; characteristic of rapid steady-state current establishment was due to the

dominant spherical diffusion at microelectrodes.

Macrodisc Microdisc Microwire
r>>d r<<d r<<d
(@) (b) (c)

Figure.18 Diffusion model of macro-disc (a), micro-disc (b), and micro-wire (c) electrode.
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Different diffusion patterns resulting from different sizes of radius of electrode and thickness
of diffusion layer are shown in Figure. 3. For macrodisc electrode (r. >> d), linear diffusion leads
to lower efficiency of mass transport, thus marking significant reduction and oxidation peaks
(Figure.3(a)). In contrast, for microdisc and microwire electrode (r. << d), convergent diffusion
increases the rates of mass transport and replaces distinctive peaks with a steady sigmoidal/shape,
as Figure.3(b) shows. In particular, the cylindrical microwire electrode (Figure.3(c)) has a larger
surface area, allowing for nano-impact collisions than the other two patterns of electrodes,
which include both convergent and linear diffusion. Thus, its highest mass transport rate renders

it most suitable for the measurement of faster electrode kinetics during:single-entity. collisions.

Acknowledgement i

ESZImHEIMRRNKRALEEZIN, HRERBRIOREREMTEFREZIFER
HBEAFHEINESRE. FERZIHARMRIERT LEES.

EHENFER, BRZRMLEALNKIREAMKREEFUZRHMNE, BEX “HK
HF” FHREMEZRHITFE. EaPHERFRENES B, BZIRULAKEIFENS
FRIEFE T EBH BRI TS 2025 3 A, RTREIIKFEEZEAERSKHE
B EIRSRNABESERAREZARE, (WTED. RERATIRRBANIRA
FEEZIBH AN A TH BB RRART RN IME U EMR. X, RRESHE
SBRHANRBEALE F, RATIKRED R TIRJRERERNMR, ZMREBLE
HEMERUARIBLHENIIE R, SESHGeaR I hdmEANE. EXBTSEFY
R FIA .

ZMRREZERFIBUFEKRRE, IZREHEILTRBR B EETRERE
F&AARINHRA @S A REZ I E R IR FHSINRIRBR IR K8,
B, BRI EEXEFHRMITER. AEEZINEDE R aRiEdt 7iER, Sk

36



B, RXERFHFENLEES. DILE. XPS FMRRIEEE ERIMEM F L TER .
B R R E S I YRR AT A BB ARBIMERR 2 T ok BRI LA K B IR UM 4B R 45 S AN EE B . 50
ZIMARBIRIEA R AT AIRFE JRE TES . ATRAZATHRABIERT DFT
BAERFEIMNA, A5ESZMAAEET, ZtiLE FHEEALRERRG AN~
#BT

HUHARRSHFREBZIT, RERHR. HHE DRI T IMAEMRIIERIE
HOESRHE.

37



