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a b s t r a c t 

This study demonstrates the possibility of depositing metals onto low-metal content particles via im- 

pact electrochemistry, a technique used to measure transient current signals (electrochemical impacts) 

produced from the collision between particles moving under Brownian motion and a potentiostated in- 

terface (Rees, 2014; Markham et al., 2020; Zhang and Zhou, 2020). The deposition of copper onto the 

surface of fly-ash cenospheres via electrochemical impacts is reported, along with its deposition onto sil- 

ver and gold nanoparticles. A comparison with linear sweep voltammetry confirmed that impact signals 

correlated with deposition potentials (bulk and underpotential deposition). Reductive impact events were 

observed at potentials negative of −0.3 V (for Ag) and −0.1 V (for Au) (vs. MSE), with evidence for a 

change in coverage of deposition from ca. 103% at −0.1 V to 261% at −0.8 V vs. MSE for Au. Cenospheres 

were shown to be sufficiently electrochemically active to facilitate copper deposition, either on modi- 

fied electrodes or showing transient impact spikes indicating copper deposition, which was confirmed 

via SEM/EDX and ICP-MS analysis. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The recovery of critical and commercially significant metals 

rom waste streams is an essential aspect of their continuing and 

uture sustainable use. Current methods of extraction are often 

ot economically viable for low concentrations of critical metals, 

esulting in wide variations in recycling percentages for different 

etals [ 4 , 5 ]. Additionally, conventional methods of recovery such 

s chemical precipitation, adsorption/biosorption and ion exchange 

 6 , 7 ] are limited by large reagent consumption, secondary pollu- 

ion generation and high operating costs [ 8 , 9 ]. Therefore, electro- 

hemical methods such as electrodeposition, electrosorption, and 

lectrodialysis [10] , would appear to be well-suited for the recov- 

ry and recycling of many metals, provided a suitable solvent and 

eduction potential is used. The primary advantage of these tech- 

iques are the high efficiency, operational feasibility and cost ef- 

ectiveness [ 11–13 ]. Electrodeposition is considered the most prac- 

ical metal recovery technique with broad industrial applications 

 9 , 14–19 ] as it has the possibility of enabling selective metal re-
✩ An article for submission to: Electrochimica Acta 
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overy from aqueous solutions under mild conditions, however the 

emoval of the deposited metal from the cathode is normally re- 

uired for onward processing, and can create complications. Par- 

icle impact electrochemistry potentially has several advantages, 

or example the high rate of mass transport to nanoparticles, the 

otential for a large (tunable) number of nanoelectrodes being 

ess susceptible to becoming fouled by contaminants that a sin- 

le large electrode, and in particular the ability to choose a suit- 

ble core particle on which to deposit the metal being recovered 

n such a way as to either facilitate onward processing or di- 

ectly produce desirable core-shell architectures. There are two po- 

ential uses of the particle-impact recovery method: first, where 

he particles are separated after deposition for further processing, 

nd secondly where the deposition can be controlled sufficiently 

uch the resulting core-shell particles can be separated and then 

sed directly as catalysts, etc. Clearly the former case does not 

fford significant advantages over the existing method of deposi- 

ion onto a cathode since the recovered metal still needs sepa- 

ation from the cathode material; but the second scenario would 

old significant benefits ion the overall recovery-recycling process, 

nd it is this long-term aim of the use of impacts for recovery/ 

ecycling. 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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During impact voltammetry, particles are introduced to a so- 

ution where they move under Brownian motion until collision 

ith a substrate electrode held at a potential [20–23] . Upon col- 

ision, the particles can either undergo oxidation or reduction (‘di- 

ect impacts’) or provide a surface for solution species to be oxi- 

ised or reduced (‘indirect impacts’), provided a suitable potential 

s applied to the substrate electrode. Both direct [24–34] and indi- 

ect [35–42] impact techniques result in transient current signals 

hat can be analysed to examine the system under study eluci- 

ating information such as particle size, concentrations, and kinet- 

cs [ 20 , 43–48 ]. The electrodeposition of metals onto particles via 

mpact electrochemistry has been reported in the literature, with 

xamples including underpotential deposition (upd) and bulk de- 

osition [ 49 – 51 ], although to date this has focussed on metallic 

ore particles (Ag, Au). The use of non-precious metal cores would 

romote long-term sustainability and potential economic viability 

f any application in recovery/recycling and so there is interest in 

he possibility of using lower value (especially ‘waste’) materials as 

ore particles. When considering the electrodeposition of metal(s) 

nto core particles via the impact method it is preferable, wher- 

ver possible, to select the substrate electrode material to be one 

ith a significantly higher overpotential for the metal deposition, 

ompared to that of the core particle material. This ensures that 

eposition will preferentially occur on the impacting particle and 

ot the underlying substrate electrode. Where the difference in de- 

osition overpotential is small, then deposition onto the substrate 

lectrode may occur and compete with deposition onto the parti- 

le. Clearly, the former case is desired and a requirement of any 

se of this method for scaled-up application. Hence the use of 

he impact technique will be necessarily limited to combinations 

f metal solution species for recovery and particle-substrate ma- 

erials with appropriately different deposition potentials. Further- 

ore, since the charge transferred (and hence amount of metal de- 

osited) onto a particle during a single impact is small (dependant 

n the metal, particle size, deposition kinetics, applied potential 

tc.), it is likely that significant optimisation would be required to 

chieve near-total recovery of metal from solution within a realis- 

ic timeframe (for example via manipulating the rate of collisions, 

article concentration, use of convection, etc.). 

Cenospheres are a component of coal fly ash (CFA) which 

s generated in large quantities during the combustion of pul- 

erised coal [52] . As such, they are considered waste and could 

e a useful functional recovered waste material, and in addition 

heir low density makes their separation from the reaction solu- 

ion relatively simple (via filtration or centrifugation, etc.). Ceno- 

pheres have been reported as a substrate for metal deposition, 

ith Shukla et al. investigating the electroless deposition of Cu 

nto cenospheres via a layer of Pd clusters [53] , with the primary 

bjective of increasing conductivity and producing light weight 

etal matrix composites. Suggested applications for copper coated 

enosphere particles involve the fabrication of conducting poly- 

ers and lead base composite material [ 53 , 54 ]. The modification 

f cenospheres using other techniques such as precipitation and 

uidised-bed chemical vapour deposition [ 55 , 56 ] have also been 

ocumented. However, their suitability as substrate for direct elec- 

rochemical deposition is unclear due to their varying composition 

hat is typically dominated by aluminosilicates and metal oxides 

57–59] . A detailed characterisation is therefore required in each 

ircumstance to determine factors such as chemical composition, 

orphology, and size distribution. 

To investigate the suitability of impact electrochemistry for 

ecycling applications, it was decided to study the deposition 

nto metallic nanoparticles, such as gold and silver nanoparticles 

AuNPs, AgNPs), before extending the investigation to include the 

on-metallic recovered waste material, fly-ash cenospheres (FACs). 

opper was selected as an electrochemically recyclable [60] com- 
2 
odity metal that undergoes a 2-electron reduction. Additionally, 

opper has relatively well-established voltammetry exhibiting a 

ell-known upd region on gold [61–70] , hence enabling demon- 

tration of the technique. 

. Experimental 

All chemicals used were obtained commercially and used with- 

ut further purification, namely: copper sulphate (98%, Sigma 

ldrich), potassium sulphate (99.0%, Sigma Aldrich) sulphuric 

cid (95.0–98.0%, Alfa Aesar), hexaammineruthenium (III) chloride 

99.0%, Sigma Aldrich), potassium chloride (99.0–100.0%, Alfa Ae- 

ar), nitric acid (70.0%, Fisher Scientific), 60 nm silver nanoparticles 

AgNPs, Nanocomposix Inc, USA), 50 nm and 60 nm gold nanopar- 

icles (AuNPs, Nanocomposix Inc) and fly-ash cenospheres (FACs, 

ockTron International Ltd). All solutions were made using ultra- 

ure water of resistivity ≥ 18.2 M � cm (MilliQ, Millipore). 

Electrochemical experiments were performed using a three- 

lectrode cell in a faraday cage. A glassy carbon (GC, diame- 

er = 3 mm, BASi Inc) macroelectrode, and carbon fibre (CF) mi- 

roelectrodes of different sizes (diameter = 9, 11, or 33 μm) were 

sed as working electrodes. Carbon substrate electrodes were used 

or impact studies since they have a high overpotential for hy- 

rogen evolution (unlike Pt), are not easily oxidised (cf. Ag), and 

u does not readily deposit onto it (cf. Au). The 9 μm electrodes 

ere made in-house using pitch-derived carbon fibres (Goodfel- 

ow Cambridge Ltd), whilst the 11 μm and 33 μm electrodes were 

urchased (BASi Inc and ALS Inc respectively). Working electrodes 

ere prepared by polishing the surface with alumina suspensions 

f 1 μm, 0.3 μm and 0.05 μm sequentially, on a micro-cloth pad 

all from Buehler Inc, USA). A mercury sulphate electrode (MSE, 

J Cambria Ltd) was used as a reference electrode and a graphite 

od (3 mm diameter, Goodfellow Cambridge Ltd) as the counter 

lectrode. For nanoparticle experiments, the MSE reference elec- 

rode was placed in a separate fritted compartment to avoid pos- 

ible cross-contamination. Unless otherwise stated a solution of 

9 mM potassium sulphate, 1 mM sulphuric acid and, when re- 

uired, an additional 0.5 mM copper sulphate was used. Solu- 

ions were thoroughly degassed using nitrogen gas (oxygen-free, 

OC Gases plc) and a nitrogen atmosphere maintained through- 

ut the experiments. Standard electrochemical measurements were 

onducted using an Autolab 128 N (Metrohm-Autolab BV, Nether- 

ands) potentiostat controlled via a PC running NOVA 2.1 software 

onducting both linear sweep voltammetry and chronoamperome- 

ry scans. Impact chronoamperometric scans were measured using 

 bespoke low-noise potentiostat analogous to that described in 

71] , fitted with a high-speed variable-gain low-noise current am- 

lifier (DHPCA-100, femto.de) with a bandwidth of 220 kHz and 

ise time of 1.6 μs at the operating gain of 10 8 , and a data ac-

uisition card (NI-6003, National Instruments, bandwidth 300 kHz) 

hich combined enabled a sampling rate of 100 kS s −1 . All data 

as processed using a combination of Microsoft Excel and Origin 

ro 2021. Unless stated otherwise, impact electrochemical data has 

een analysed following electronic filtration (digital) at 250 Hz in 

rder to improve the signal-to-noise ratio and facilitate analysis 

see Supplementary Information Section A). Where closer analysis 

as required, the ‘raw’ data was then reviewed when considering 

uration or peak current (see Supplementary Information for ef- 

ects of filtration and Ref. [72] ). Even then, any analysis of the data

s semi-quantitative at best and requires appropriate caution since 

ata acquisition is limited by the sampling rate (here 100 kS s −1 ). 

ence we have limited any use to comparing between for exam- 

le, deposition on AuNPs and AgNPs in a relative sense rather than 

elying on interpreting absolute values. The design of the potentio- 

tat is such that charge is conserved by the filter, as demonstrated 

lsewhere [ 72 , 73 ]. 
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Fig. 1. depicts the reductive CV segments of copper deposition on the surface of 

3 mm bare GC (—), 50 nm AgNP modified GC (- �- �-), 50 nm AuNP modified GC (—

–) and 33 μm bare CF ( ������). This was conducted in the standard copper plating 

solution of 0.5 mM CuSO 4 , 1 mM H 2 SO 4 and 19 mM K 2 SO 4 using a scan rate of 

100 mV s −1 in all cases. 
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The cenospheres were characterised using a handheld X-ray flu- 

rescence spectrometer (hXRF) [74] , scanning electron microscopy 

SEM) with energy dispersive X-ray (EDX) analysis and inductively 

oupled plasma mass spectrometry (ICP-MS). For the SEM/EDX 

haracterisation, 5 mg of cenospheres were added to the surface 

f a carbon tape (Agar Scientific) then examined using the Hitachi 

M3030 electron microscope. To analyse cenospheres where depo- 

ition had occurred, the solution post-chronoamperometric exper- 

ment was taken and drop-cast onto glassy carbon stubs, dried, 

insed thoroughly with deionised water and dried again to be 

tudied in the same way with the SEM/EDX. Additional experi- 

ents were conducted where modified cenospheres processed as 

escribed below for ICP-MS were taken dry and analysed directly 

ith the SEM/EDX. 

ICP-MS analysis was conducted on both unmodified cenosphere 

articles and cenosphere particles that had been modified via a 12 

r chronoamperometric scan in 0.5 mM copper sulphate, 19 mM 

otassium sulphate and 1 mM sulphuric acid. The modified ceno- 

phere sample was repeatedly centrifuged (SIGMA 3k30 centrifuge) 

t 50 0 0 rpm for 10 min, rinsed with ultrapure water and sonicated 

U-series, Ultrawave), then repeating the washing cycle, before al- 

owing to dry. Both samples were prepared for ICP-MS by dissolv- 

ng in 2% nitric acid at a concentration of 1 ppm (cenosphere con- 

ent) for 48 hr before filtration with 0.45 μm syringe filters (Star- 

ab Group Ltd). The solution was then analysed using an ICP-MS 

Nexion 300X ICP-MS, Perkin Elmer) with a limit of detection of 

.174 ppb. A calibration curve was generated with 1 ppm copper 

tandard for ICP-MS, (TraceCERT Sigma Aldrich) in ultrapure water 

t concentrations of 0.001 ppm to 0.01 ppm. The sample was then 

nalysed and the concentration of copper read from the calibration 

urve. 

. Results and discussion 

.1. Impact deposition of Cu onto metallic nanoparticles 

Macro and microelectrode studies were conducted to determine 

he onset potential of copper deposition onto GC and CF electrodes, 

s well as AuNP-modified GC and AgNP-modified GC electrodes be- 

ore studying deposition onto FACs. Cyclic voltammograms (CVs) 

ere taken of each electrode in a solution containing 0.5 mM cop- 

er sulphate, 19 mM potassium sulphate and 1 mM sulphuric acid 

t a voltage scan rate of 100 mV s −1 . For bare GC, CF, and AuNP-

odified GC electrodes a start potential of 0.0 V vs. MSE was ap- 

lied. Whereas, for the AgNP-modified GC the voltammetry scan 

tarted at −0.1 V vs. MSE to prevent the stripping of the AgNPs 

rom the electrode surface. The onset potential can be defined as 

n adequately negative potential able to initiate a current response 

75–77] , in this case a current density of −0.025 A m 

−2 is used to

etermine onset potential. 

Fig. 1 . illustrates the reductive scans for GC, AuNP/GC, AgNP/GC, 

nd CF working electrodes. Both the AuNP/GC and AgNP/GC sur- 

aces were prepared via a drop-cast method also used by Tschulik 

t al. [78] where 5 μL of a suspension containing 50 nm AuNPs 

or 50 nm AgNPs) was added to a polished GC surface. It can be

bserved that copper deposition on the gold-modified GC surface 

ommences at a potential of −0.1 V vs. MSE whereas the onset 

nto other materials occurs at more negative potentials. This is 

ue to underpotential deposition (upd) indicated by the character- 

stic initial peak at ca. −0.30 V vs. MSE, in agreement with the 

pd peak potential 0.05 V vs. Cu/Cu 

2 + onset reported in literature 

 62 , 64 ], where E Cu/ Cu 
2 + = E SHE + 0.28 V [62] and E SHE = E MSE 

0.64 V giving a potential of −0.31 V vs. MSE. The deposition of 

opper onto a gold surface is well-documented and is categorised 

nto four stages [ 64 , 77 , 79 , 80 ], namely the adsorption of copper and

ulphate ions onto the gold surface, leading to a honeycomb ad- 
3 
ayer, then a full copper upd monolayer, and finally bulk deposi- 

ion. Fig. 1 is broadly in agreement with this, with the upd peak 

t ca. −0.3 V (vs. MSE) and bulk deposition occurring at potentials 

ore negative than ca. −0.4 V (vs. MSE). From the upd peak an es- 

imated AuNP surface coverage of ca. 0.5 layer equivalents was cal- 

ulated based on the maximum possible available NP surface area 

see Supplementary Information Section B Eqs. (1) –(6) and Table 

1 for details). 

To investigate whether electrochemical impact events for cop- 

er deposition occurs, chronoamperometry was conducted with 

nd without the addition of nanoparticles to the copper sulphate 

olution described above for the same potentials. Fig. 2 A depicts a 

0 s segment of the chronoamperometric scans where peaks can 

e observed. This scan was performed at −0.8 V (vs. MSE) be- 

ore and after the addition of silver nanoparticles. Upon the ad- 

ition of silver nanoparticles, reductive transient peaks can be ob- 

erved (see Fig. 2 B) suggesting the occurrence of copper deposi- 

ion during impact events at this potential. It is also noted that the 

ackground current varies quite widely, especially at more nega- 

ive potentials, which we postulate to be due to small numbers 

f adsorbed nanoparticles and the deposition behaviour of copper 

please see Supplementary Information Section C for more detail). 

Further investigations were then conducted to determine the 

otential window at which the impact events could be observed, 

y recording chronoamperograms at a range of potentials under 

otentiostatic control. Fig. 2 C shows the frequency of reductive 

eaks detected at the different potentials ranging from −0.8 V to 

0.1 V (vs. MSE), with the average frequencies at each potential 

here impacts were observed being in the range 2.3 to 3.7 GHz 

 

−2 . Further details of the analysis are provided in the Supple- 

entary Information (Section D). At potentials more negative than 

0.3 V vs. MSE, reductive peaks can be observed. This agrees with 

he data shown in Fig. 1 (and in literature [ 61 , 81 ]) indicating that

he onset of bulk copper deposition on the surface of silver is ap- 

roximately −0.33 V (vs. MSE). The copper coverage of individual 

mpacts was calculated using the charge determined from the inte- 

rated area of each peak (see Supplementary Information Section 

): 

 = 4 πR 

2 (1) 

 = 

∫ 
Idt = ezN (2) 
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Fig. 2. A shows an illustrative depiction of a typical 20 s segment of chronoamperometric scans at −0.8 V vs. MSE before (i) and after (ii) the addition of 60 nm silver 

nanoparticles. Fig. 2B presents a magnified reductive peak from scan A (ii) at 14.25 s. All experiments were conducted in a 5 mL solution of 0.5 mM CuSO 4 , 1 mM H 2 SO 4 
and 19 mM K 2 SO 4 using a CF working electrode, a mercury sulphate reference electrode with a glass frit and a graphite rod counter electrode. Fig. 2C shows the frequency 

of impacts, normalised for electrode area, detected during 30 s chronoamperometric scans using a 20 pM suspension of 60 nm AgNPs at different potentials. Fig. 2D displays 

the calculated average coverage of impacting AgNP at varying potentials where copper deposition occurred on nanoparticle collisions occurring at a potential negative of 

−0.3 V vs. MSE. 
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(4) 

here S is the nanoparticle surface area, R the NP radius, Q the 

ssociated reductive charge, t the spike duration, e the electronic 

harge, z = 2 the number of exchanged electrons per reduced cop- 

er atom [30] , θ the coverage, r = 1.96 Å the copper atomic ra-

ius [82] , N the number of reduced copper atoms and N mono the 

umber of copper atoms in a monolayer based on a 74.05% fcc 

urface coverage [83] . The average coverage was calculated for im- 

acts at different potentials (see Fig. 2 D). The data suggests that 

overage greater than a monolayer equivalent occurs once the ap- 

lied potential is negative of the ‘switch on’ potential, for example 

t −0.4 V vs. MSE, an average coverage of 479% was observed. 

Analogous impact experiments were then conducted using a 

0 pM suspension of AuNPs to study whether impacts were ob- 

erved in the upd and bulk deposition regions in Fig. 1 . Similar to

he AgNP system, upon the addition of AuNPs, reductive transient 

eaks could be observed for a range of potentials vs. MSE. Fig. 3 A
4 
isplays the chronoamperometric scans before and after the addi- 

ion of gold nanoparticles conducted at −0.3 V (upd region) and 

t −0.8 V (bulk deposition region). It can be observed that before 

he addition of AuNPs the scan is void of transient peaks, however 

pon the addition of gold nanoparticles reductive peaks are ob- 

erved at both −0.3 V and −0.8 V (vs. MSE.), in the upd and bulk

eposition regions. 

The impact ‘spikes’ were integrated to obtain the charge passed 

uring each impact, allowing calculation of the percentage cover- 

ge of the deposit, assuming a spherical NP, using Eqs. (1) –(4) [49–

1] . Fig. 3 B illustrates the calculated percentage coverage of im- 

acting AuNP at varying potentials ranging from −0.8 V to 0.1 V 

vs. MSE). Peaks begin to occur at potentials more negative than 

0.1 V vs. MSE. This is in good agreement with the onset poten- 

ial determined (see Fig. 1 ) and the upd region reported in [63] .

he data shows that at potentials where upd is expected, the im- 

acts observed correspond to an average coverage of ca.103% ± 8%, 

he theoretical monolayer coverage. On the other hand, at more 

egative potentials where bulk deposition would occur, the max- 

mum percentage coverage is higher with an average coverage of 

15% ± 37%, significantly exceeding the equivalent of monolayer 

overage. 
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Fig. 0.3. A depicts a 15 s segment of three 30 s chronoamperometric scans (i) a chronoamperometric scan at −0.3 V using a 9 μm CF after the addition of AuNPs (ii) a scan 

conducted at a potential of −0.55 V using a 11 μm CF electrode before the addition of AuNPs (iii) a scan at −0.8 V using 11 μm CF after the addition of 60 nm AuNPs . Fig. 

3B shows the calculated average percentage coverage ( �) of individual 50 nm AuNP impacts at different potentials ranging from 0.1 V to −0.8 V vs. MSE. A series of 30 s 

chronoamperometric scans were conducted in a 5 mL solution of 0.5 mM CuSO 4 , 1 mM H 2 SO 4 and 19 mM K 2 SO 4 using a CF working electrode, a mercury sulphate reference 

electrode with a glass frit and a graphite rod counter electrode. 
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Table 1 

Average compositions by mass of FACs de- 

termined by SEM/EDX ( N = 7). 

Element Average composition /% 

Silicon 52.3 

Aluminium 29.4 

Iron 9.0 

Calcium 6.7 

Magnesium 2.3 

Copper 0.2 
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A comparison of the AgNP and AuNP coverage ( Figs. 2 D and 3 B)

ndicates a significantly higher copper coverage for the AgNP im- 

acts. Given the similarity between bulk deposition onset, parti- 

les sizes (50–60 nm), and sticking coefficients for the AgNPs and 

uNPs (0.15 for AgNPs [84] , and 0.19 for AuNPs [85] , reported for

articles of mean radii ca 10–13 nm), it might be expected that the 

overages should also be similar provided that the bulk deposition 

inetics of Cu were not markedly different on Ag and Au. We pos- 

ulate that the observed difference in deposition amounts is due 

o the degree of aggregation in the NPs, with AgNPs in particular, 

nown to have rapid aggregation kinetics [27] . Since the coverage 

alculations are based on a single particle of mean diameter, they 

re highly sensitive to aggregation. Closer examination of the data 

ndicates that the apparent coverages on Ag are skewed by several 

ignificantly larger impact spikes, which are consistent with the 

mpacts of larger aggregates of NPs. Removal of these larger im- 

acts yields coverages in the range 60–170% of a monolayer, which 

s comparable with the AuNP result. 

.2. Impact deposition of Cu onto fly-ash cenospheres (FACs) 

After demonstrating the deposition of copper onto metallic 

anoparticles, the reduction of copper onto cenosphere particles 

as investigated. Cenospheres were chosen as a core material for 

eposition as they are considered a waste product of the coal com- 

ustion process, additionally these are predominantly non-metallic 

articles. As previously stated, the composition of cenospheres 

aries and is influenced by the combustion conditions and coal 

omposition [ 52 , 55 ]. As such, the cenosphere were characterised 

sing SEM/ EDX, which enabled an approximate size distribution 

nd composition to be obtained. Fig. 4 B shows the particle size 

istribution produced from SEM images of the cenosphere sample 

nd highlights a population centred around 1 μm in size, though a 

ery large range of sizes occur, subsequent images and size analy- 

is is shown in Supplementary Information Section F. 

Impact electrochemistry primarily focuses on particles on the 

anoscale. Within literature it has been observed that the im- 

act electrochemistry technique is able to facilitate the detection 

f a wide variation of particles sizes with 6 nm reported as the 

ower limit of detection [86] . With regards to the upper limit, it 
5 
as been suggested the application of direct impact is possible for 

izing agglomerated particles beyond the upper nanoparticle lim- 

ts (100 nm) as seen in [ 27 , 31 , 87 ]. The variation in cenosphere

ize and complex composition may affect the impact deposition 

rocess, as a result of the differing particle hydrodynamics under 

rownian motion and settling properties [88] . Additionally, obser- 

ations have been made suggesting an increase in the peak current 

ith increasing particles size [89] . According to Zhou et al. [ 84 , 85 ],

ticking potential is not significantly affected by size however does 

ary with the impacting material and substrate electrode [ 90 , 91 ]. 

The SEM/EDX analysis in Table 1 is in agreement with both the 

RF data obtained and literature reports (see Supplementary In- 

ormation Section G Table T4) that cenospheres are mainly com- 

rised of metal oxides, with varying compositions reflecting those 

f their starting materials [ 57 , 92 , 93 ]. To determine the suitabil-

ty of the cenospheres for electrochemical impact experiments, the 

eposition of copper onto the cenosphere particles were investi- 

ated by drop-casting to produce a cenosphere-modified GC macro 

lectrode ( d = 3 mm) with ca. 1900% coverage, based on calcula- 

ion assuming even distribution [78] . Fig. 5 illustrates the reduc- 

ive linear sweep voltammograms recorded for the bare GC and 

he FAC-modified GC electrode in a solution of 0.5 mM copper sul- 

hate, 19 mM potassium sulphate and 1 mM sulphuric acid at a 

oltage scan rate of 100 mV s −1 . According to both Danilov et al. 

nd Bimaghra and Crousier [ 94 , 95 ], the 2-electron deposition of 

opper onto carbonaceous materials occurs via the Volmer-Weber 

echanism resulting in three-dimensional nucleation. Briefly, upon 

he establishment of the electric double layer, both copper metal 

datoms and univalent copper ions accumulate near the electrode 
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Fig. 4. A SEM image of impacted cenosphere particles with higher copper content. Fig. 4B Size distribution of FACs from SEM images using a magnification of 50x, 200x and 

2500x, analysed using GIMP software ( N = 976). 

Fig. 5. illustrates the reductive scans of copper deposition on the surface of 3 mm 

Bare GC (—) and a cenosphere modified GC surface (—–). A 100 mV s −1 scan rate 

was used between the potential window 0.0 V to −0.75 V (vs. MSE) in a solution 

of 0.5 mM CuSO 4 , 1 mM H 2 SO 4 and 19 mM K 2 SO 4 . 
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urface via the reactions: 

 u 

2+ + e → C u 

+ 

 u 

+ + e → C u ad 

here a quasi-equilibrium occurs between the Cu 

+ ions and free 

nbound Cu adatoms. As copper nuclei form at the surface of 

he electrode, the corresponding reductive current is influenced 

y cathodic overpotential, active surface area of the deposit and 

he mass transport of ions to the electrode/ solution and nu- 

lei/solution interface. The cyclic voltammetry (see Fig. 5 ) for the 

are GC depicts two peaks with currents of −7.2 μA and −2.1 μA 

here the first peak is ascribed to copper deposition on the bare 

C (peak 1) followed by deposition on the copper-modified GC sur- 

ace (peak 2). 

Upon modification of the bare GC with cenosphere particles, 

he cenosphere-modified electrode has increased reductive current 
6 
ithout any discernible increase in capacitance (see Supplemen- 

ary Information Section G for detailed discussion on the effect on 

apacitance of cenosphere modification). This indicates the ceno- 

pheres have sufficient electrical conductivity such that the in- 

reased surface area of the electrode leads to an increased current 

esponse. In addition, Fig. 5 identifies the onset potential of copper 

eposition onto the surface of the cenosphere particles. From this 

t was determined peaks may be observed upon impact with the 

ubstrate electrode at a potential negative of −0.3 V vs. MSE. 

Next, 0.05 g of FACs were added to 5 mL of a solution of 

.5 mM copper sulphate, 19 mM potassium sulphate, and 1 mM 

ulphuric acid resulting in a (number) concentration of 0.01 pM 

see Supplementary Information Section G equations (8)-(9)) and 

gitated using the degassing nitrogen stream. A carbon fibre work- 

ng electrode (33 μm) was used to investigate whether FAC im- 

acts relating to Cu deposition could be observed. Fig. 6 A displays 

ypical chronoamperometric scans at −0.75 V vs. MSE in the cop- 

er solution before and after the addition of the cenosphere parti- 

les showing the emergence of reductive events on the addition 

f cenospheres to the system (see Fig. 6 B). Note that positive- 

irection spikes that would be associated with the partial blocking 

f the background reductive current at the CF electrode are not 

bserved [96] . Furthermore, chronoamperometric scans were con- 

ucted in a solution containing only 19 mM potassium sulphate 

nd 1 mM sulphuric acid before and after the introduction of ceno- 

phere particles (see Supplementary Information Section G, Fig. 

12), and no impact spikes were observed. The blocking effect of 

he cenosphere particles were further investigated by conducting 

hronoamperometric scans in a solution of 0.5 mM Ru(NH 3 ) 6 Cl 3 , 

 mM H 2 SO 4 and 19 mM K 2 SO 4 with a 33 μm CF at −0.6 V (vs.

CE) before and after the addition of cenosphere particles. During 

he investigation it was possible to obtain a blank chronoamper- 

metric scan without transient peaks before the addition of par- 

icles. Upon the addition of cenosphere particles a reductive peak 

ould be observed suggesting an increase in current rather than a 

locking effect. Again, positive-direction spikes corresponding with 

he partial blocking of current by the cenospheres particles are not 

bserved (see Supplementary Information Section G, Fig. S13). The 

onclusion is therefore made that the reductive peaks observed in 

ig. 6 B are due to the deposition of copper on the impacting ceno- 

phere particles. 

To obtain direct evidence of Cu deposition onto the FACs, a 

2 hr chronoamperometric scan was conducted using a 3 mm GC 



A.V. Oladeji, J.M. Courtney and N.V. Rees Electrochimica Acta 405 (2022) 139838 

Fig. 6. A illustrates two chronoamperometric scans conducted in a 5 mL solution of 0.5 mM CuSO 4 , 1 mM H 2 SO 4 and 19 mM K 2 SO 4 before (i) and after (ii) the addition of 

cenosphere particles. Both were performed at a potential of −0.75 V vs. MSE for 30 s. (B) highlights reductive peaks observed upon the addition of the cenosphere particles. 

Table 2 

displays the copper content determined by SEM/ EDX analysis of the 

background (GC stub), the unmodified cenosphere particles and impacted 

cenosphere particles. Copper content is presented as a ratio of copper and 

silicon count. 

Sample Percentage copper content ratio /% 

Background (GC stub surface) 0 

Pristine cenosphere particles 0.07 ± 0.08 

Impacted cenosphere particles 7.43 ± 2.47 
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lectrode at −0.75 V vs. MSE in a solution containing 0.5 mM cop- 

er sulphate, 19 mM potassium sulphate, 1 mM sulphuric acid and 

.05 g cenosphere particles. This solution was then agitated briefly 

sing the degassing nitrogen gas stream before commencing the 

hronoamperometric scan. Upon completion, 5 μL of the reacted 

uspension solution was extracted from the reaction cell, drop- 

ast onto a polished GC stub and then analysed using SEM/EDX 

o determine the copper content of the cenospheres (additional 

xperiments used dried cenospheres obtained through rinsing cy- 

les and centrifugation as described in ICP-MS sample preparation). 

able 2 shows the average copper content of the impacted ceno- 

pheres determined using SEM/ EDX analysis confirming that the 

verage Cu content of impacted FACs is significantly higher than 

or non-impacted (pristine) FACs, with an average Cu content of 

.43 ± 2.47% compared to 0.07 ± 0.08% (by count, N = 7). Note 

hat these values are quoted relative to the measured silicon (Si) 

ontent of the same FAC particle, to account for the variation in 

article size and composition. Detecting cenospheres with copper 

eposition in the solution sample demonstrates that after impact- 

ng the GC electrode the some particles are able to detach from 

he surface. An SEM analysis of the GC stub was also conducted 

nd indicated a build-up of copper deposition with cenosphere in- 

lusions (see Supplementary Information Section H). The degree of 

eposition of Cu onto the GC substrate, will clearly be dependant 

n the potential at which the impact experiment was conducted, 

nd here was expected due to the choice of deposition potential. 

etailed quantitative analysis of the degree of deposition onto the 

C stub (via XPS) was not conducted here, since this was outside 

he scope of this study. However, such detailed analysis of the sub- 

trate electrode would be necessary when considering quantitative 

pplication of the impact technique for scaled-up application. 
7 
The SEM analysis also identified some cenospheres present with 

 similar (near zero) level of copper content to the control, imply- 

ng not all cenospheres collided with the GC electrode or else an 

mpact occurred with little to no copper deposition. This variation 

s expected as the impact deposition process is uncontrolled, and 

he cenosphere composition (and hence conductivity) is not uni- 

orm (additional imagery and copper content analysis is shown in 

upporting Information Section H). 

In addition to the SEM/EDX analysis, ICP-MS analysis of both 

he impacted and the unmodified cenosphere particles was con- 

ucted. The analysis showed that the unmodified cenosphere had 

 copper content in the sample of 1.0 ppb and the modified ceno- 

phere sample had double the copper content at 2.0 ppb. These 

alues are well above the detection limit (0.174 ppb) of the ICP- 

S and as such provides further evidence of impacting cenosphere 

ncreasing in concentration of copper. 

. Conclusion 

The macro- and microelectrode studies demonstrated that the 

nset for copper deposition varied depending on the substrate 

aterial agreeing with previous literature [ 65 , 97 ]. A drop-casting 

echnique was employed to show upd occurred for copper on gold 

urther agreeing with literature [64] . Using impact voltammetry, 

opper deposition was observed during silver nanoparticle impacts, 

here the switch on/ off potential aligned with the onset poten- 

ial previously mentioned at −0.4 V vs. MSE. Studies with AuNPs 

ndicated the impact switch on/ off for copper deposition on gold 

hifted positively thus reflecting the upd onset predicted (to −0.1 V 

s. MSE). Evidence was found suggesting peaks occurring in the 

pd region resulted in particle coverage of approximately a mono- 

ayer (with an average of ca. 103% ± 8%) while peaks in the bulk 

egion showed indication of a higher coverage (with an average of 

a. 215% ± 37%). 

Cenospheres were tested for use as a functional recovered 

aste material, the particles were characterised showing signifi- 

ant amounts of silicon and aluminium with lower amounts of 

ron, calcium, magnesium, and copper agreeing with previous liter- 

ture. A size distribution analysis was conducted indicating a wide 

ange of sizes from 100 s of nanometres to 100 s of microns with 

 population centred at 1 μm. The same drop-cast method was 

pplied and showed that the cenosphere particles were electro- 
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hemically active. During impact voltammetry cenospheres exhib- 

ted transient spikes and evidence of copper deposition. This was 

upported by direct evidence found via SEM/ EDX and ICP-MS anal- 

sis showing copper had been deposited onto the cenosphere. 
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