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ABSTRACT

Quantification of chemical reactions of nanoparticles (NPs) and their interaction with
contaminants is a fundamental need to the understanding of chemical reactivity and surface
chemistry of NPs released into the environment. Herein, we propose a novel strategy employing
single particle electrochemistry showing that it is possible to measure reactivity, speciation and
loading of As*" on individual NPs, using cerium oxide (CeO,) as a model system. We
demonstrate that redox reactions and adsorption processes can be electrochemically quantified
with high sensitivity via the oxidation of As** to As>* at 0.8V vs. Ag/AgCl or the reduction of
As’" to As® at -0.3V (vs. Ag/AgCl) generated by collisions of single particles at an
ultramicroelectrode (UME). Using collision electrochemistry, As*' concentrations were
determined in basic conditions showing a maximum adsorption capacity at pH 8. In acidic
environments (pH<4), a small fraction of As’" was oxidized to As*>* by surface Ce*" and further
adsorbed onto the CeO, surface as a As>" bidentate complex. The frequency of current spikes
(oxidative or reductive) was proportional to the concentration of As** accumulated onto the NPs
and was found representative of the As’" concentration in solution. Given its sensitivity and
speciation capability, the method can find many applications in the analytical, materials and
environmental chemistry fields where there is a need to quantify the reactivity and surface
interactions of NPs. This is the first study demonstrating the capability of single particle collision
electrochemistry to monitor the interaction of heavy metal ions with metal oxide NPs. This
knowledge is critical to the fundamental understanding of the risks associated with the release of

NPs into the environment, for their safe implementation and practical use.
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INTRODUCTION

The increasing use of engineered nanomaterials in commercial applications in the electronics,
biomedical and agricultural fields has resulted in a significant release of NPs into the
environment. Given the wide diversity of NP types and the limitations of currently used
characterization methods, a comprehensive analysis of the chemical reactivity at the particle
surface in the environment has been difficult.!> For example, heavy metals such as As, Cr, Cd,
Pb, Hg can react with NPs through electrostatic or Van der Waals forces or form strong chemical
bonds with surface exposed species® generating surface complexes and inducing possible
changes in their redox state.*!! Although there are several spectroscopic and microscopic
techniques that can characterize these properties, these methods require a relatively large amount
of material, they analyze only a limited number of samples and the information provided is
characteristic of the bulk NPs properties. More importantly conventional methods require sample
processing (filtration, drying, etc.) which can modify the NPs physicochemical characteristics.
Thus, surface reactions at NP/water and NP/contaminant interface are not directly determined
using conventional methods.

Single NP collision electrochemistry (SPCE)!>!4 allows assessment of the
physicochemical properties of single particles, as they interact and collide with an UME (Au, Pt,
carbon, etc). Collision signals are obtained through indirect measurement, via an electrochemical
redox probe (e.g. NoHy, H,O,, O,, H,O, BHy), or by direct measurement, when the NP or tagged
NPs (with the redox constituent immobilized onto surface) is reduced or oxidized on contact with
the UME."> The typical collision profiles of current — time (i-z) responses are seen as either
‘staircase’ or ‘spike’ signals and can be related with variations of size, agglomeration degree and
concentration of NPs, their surface coating and the indicator redox reaction. In the last few years,
the method has continuously evolved,'® with several groups making significant contributions to
the fundamental understanding of electrochemical processes at single entity levels. These
include: (i) innovations in electrode materials: Hg- or Bi- modified Pt UME,!7-!® TiO,/Pt UME,?
PtO,,%* boron — doped diamond UME,?! poly- electrolyte modified Au UME,?* (if) applicability
to different types of NPs: IrO,,”* Au,?* Ni,® Cu,?¢ fullerene,?” graphene,?® magnetically Prussian

blue — modified Fe;0, NPs,?® Pd - modified carbon nanotubes,* polymer-modified Ag NPs?! as
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well as organic NPs*? and enzymes®® and (iii) reaction mechanisms including: photoelectron
transfer at single TiO,3* or ZnO3° NPs, characterization of the catalytic properties of nanoenzyme
mimetics of Au NPs3¢ and tracking the dynamics of individual NPs collision events.’’ In a
previous report, we have demonstrated the use of SPCE as a rapid and cost-effective screening
approach to evaluate the antioxidant activity of CeO, NPs.3® We also reported for the first time
the use of this technique for sensitive and selective detection of a toxic — ochratoxin A — by
measuring the individual collision events between ssDNA aptamer-functionalized Ag NPs and a
carbon fiber microelectrode.’® Compared to other methods, SPCE provides several distinct
advantages such as high sensitivity, elemental specificity and the possibility to quantitatively
measure redox processes at single particle surfaces, including speciation. Surface adsorption of
redox species on NP surfaces in aqueous dispersions can also be assessed.

Here, we evaluate the use of SPCE to investigate environmental redox reactions,
speciation and surface adsorption processes occurring between a representative metal oxide NPs,
cerium oxide (CeO,), and arsenic (As), selected here as a model heavy metal co-contaminant.
Ce0; is widely used as a polishing agent in the circuit boards manufacturing and as a catalyst in
catalytic convertors.*® Therefore, a large amount of CeO, is expected to be released in the
environment, where they can react with existing contaminants.*! Arsenic is a well-known
contaminant widely recognized for its public health issues. In the environment, As can be found
in two oxidation states of varying toxicity, the more mobile and toxic form arsenite As** and its
oxidized counterpart, arsenate As>* with 10 pg/L EPA limit in drinking water. Metal oxide NPs
such as CeO, act as sorbents of heavy metals*5 7 and can serve as a transport vector in
environmental systems. Additionally, they can participate in a range of environmental redox
reactions. For example, Mn-oxide(s) directly oxidizes As’" to As>" followed by surface sorption
of the less toxic As>".#> The adsorption characteristics of ceria-based materials for heavy metals
is in general non-specific® and applies to a variety of metal ions such as Hg and Pb* , Cd, Pb,
Cr® , or Se, As, Cu and Pb*-4’. Only a few reports investigated the adsorption of As’*, the most
toxic form of As, by CeO, and related cerium-based materials.**>° As dual oxidation state
catalysts with mixed Ce3*/Ce*" valence at their surface, CeO, NPs can participate in electron
exchange reactions with As’" ions present in solution. The chemical interactions and redox

processes occurring between the surface Ce3*/Ce*" and As?* at the surface of individual CeO, and
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the amount of As accumulated on single particles (single particle loading) have not been studied
and are difficult to evaluate with conventional spectroscopic and microscopic methods.

While advantages of SPCE have been demonstrated, no prior work has been reported on
the use of electrochemistry to examining environmental redox processes and interactions of NPs
with environmental co-contaminants occurring in aqueous media. We propose in this work to use
electrochemical collision signals of the NPs with a Pt UME to probe redox processes occurring
at the surface of CeO, exposed to As**. This new method monitors the interaction of heavy
meals with the NPs, quantifies redox changes of the NP surface and identifies the amount and the
oxidation state of heavy metal retained to each particle surface. Determining these parameters at
single NPs is an important fundamental step to evaluating chemical reactions at the
NP/contaminant interface in aquatic systems and developing behavior and toxicity profile of

these contaminants to support more accurate environmental risk predictions.

RESULTS AND DISCUSSION

Until now, reactions of heavy metals with metal oxides have been studied by spectroscopic
techniques. In this work, SPCE is proposed as a new method to investigate the interaction
between CeO, NPs and As** and obtain a quantitative measure of the heavy metal loading on
each NP. Exposure experiments were performed by traditional batch reactions with the CeO,
NPs dispersions subjected to As** at various concentrations and different pH values. When the
pH is lower than 8, As’" exists preponderantly as H3AsOs;, and when the pH is over 8, it is
present as charged HyAsO; (pK, = 9.22).°1-2 The reaction proceeds through the reactive OH
groups at the CeO, surface, and is pH dependent. SPCE experiments were performed using a Pt-
UME as working electrode and signals were used to analyze surface-bound As species. The
measurements were performed in nitrogen purged solutions containing bare CeO, NPs and with
CeO, NPs exposed to As** solutions of concentrations ranging from 0.1 to 100 pM. The protocol
of the exposure experiments is described in detail in Supporting Information (SI) and represented
schematically in Figure S1. Collision measurements were performed after 24 h incubation of
CeO, with As*' solution, when the charge passed per impact spike remained constant. Collision
events were monitored in either oxidative or reductive mode, at a positive potential (0.8V vs.

Ag/AgCl) when the current spikes are generated by the oxidation of As’" to As>", or at a negative
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potential (-0.3V vs. Ag/AgCl) by assessing the reduction process of As’" to As’. By measuring
the charge passed per each impact and assuming that the particles are spherical and that the
oxidation/reduction applies to species adsorbed on NP, As?*' concentration retained on the
surface of each particle can be calculated.

The first set of experiments investigated the dynamic interaction between CeO, and As>*
using SPCE and cyclic voltammetry (CV). Measurements recorded as /-¢ plots detected a number
of spikes for both oxidation (As**/As*) and reduction (As**/As®) processes indicating the
presence of As** onto the CeO, NPs surface. The process is illustrated in Figure 1 which shows
the current transients generated by impacts of As**- CeO, at pH 8 as a consequence of As3*/As>*
oxidation or As’"/As® reduction. These are assigned to the oxidation (or reduction) of the surface
adsorbed As, which accumulate on the NPs in solution and subsequently make contact with the
working electrode by random NPs impacts. The resulting /-¢ traces thus suggest that SPCE can
be used to reveal the presence and oxidation state of As species adsorbed on the surface of
individual NPs, measured in the potential range corresponding to their oxido-reduction.

To confirm the identity of collision responses, CV experiments were performed at a Pt-
disk electrode in a solution containing As** or drop casted CeO, and As**-CeO, NPs (Figure 2).
In the absence of As, the CVs of both bare Pt electrode and drop casted CeO, NPs onto Pt
showed the electrochemical profile characteristic of Pt, with peak corresponding to surface oxide
formation at potentials higher than 0.34V in the positive scan. On the reverse scan, the first peak
at -0.064V is attributed to PtO reduction.’3-3* The peak at -0.47V and those between -0.6 V and -
0.3V correspond to the adsorption/desorption processes of hydrogen at Pt electrode.’>~% In the
presence of As**, the anodic scan shows three distinctive peaks at -0.15V, 0.44V and 0.6V
respectively. The first peak is due to the oxidation of newly deposited As® to As’*. The peak at
0.44V corresponds to the oxido/reduction of As**/As>* from As** adsorbed as As(OH);
electrocatalyzed by PtOH,>? while the peak at 0.6 V corresponds to PtO formation.

Increasing the concentration of As induces an increase in the 7, at 0.44V in the i-E
curves (Figure S2a). These results suggests an As*" oxidation mechanism on oxide free surface,>*
(eq 1), followed by PtO formation through PtOH and adsorbed hydroxyl radicals (eq. 2).

As(OH); + H,O — OAs(OH); + 2H" + 2e- (1)

Pt + H, O — PtO +2H* +2¢ (2)
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Figure 1. Schematic representation of the collision of As*" adsorption on CeO, NPs and the resulting current
transients measured in reductive (-0.3 V) and oxidative (0.8 V vs Ag/AgCl) conditions in PB at pH 8.
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Figure 2. CVs of Pt-disk (black), CeO, NPs (green), 10 uM As (blue), and As>" - CeO, NPs (red) in PB. The scan
rate was 100 mV/s.

The CV of As-CeO, showed similar characteristics as As in solution, demonstrating that
electrochemistry can be used to measure As adsorbed species onto NP surface - Figure 2(red).
We further used SPCE to evaluate the effect of pH on As3" adsorption. Adsorption experiments
were carried out in triplicates for each pH value tested. The radius of Pt-UME electrode ()
calculated from the limited current value obtained from the CV carried out in FeMeOH solution
(Figure S2b) was 53 pum. Control experiments in absence of As*" showed few spikes, with very
low current intensities below 5pA (Figure 3a) indicating no electrochemical activity of CeO,
NPs. Note that in this work only oxidative peaks having an intensity higher than 15pA
representing three times higher values than signal/noise (S/N) ratio were considered. The
chronoamperograms of CeO, exposed to 0.1 mM As*' at pHs of 4, 8 and 12 clearly show

presence of current spikes due to the electrochemical oxidation of As’" to As®' that vary in
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frequency and intensity with the pH (Figure 3b-d). The lowest number of spikes (5 + 3) was
recorded for the As3*- CeO, at pH 4. Significantly higher number of spikes were observed for pH
8 (17 £ 4) and pH 12 (21 £ 7). Theoretically, since the NPs concentration is the same, the
number of current spikes is expected to be relatively the same. However, at pH 4, the number of
spikes is lower due to the presence of stable uncharged H3AsO; and therefore a lower amount of
adsorbed As (or under the detection limit). The average current at pH 4 was ~ 23 pA, while at pH
8 and 12 the current intensity increased to ~95 pA and ~98 pA respectively. The UV-Vis
spectrum of CeO, at pH 8 shows a peak associated to Ce*" at ~303 nm. At pH 4, the Ce*" peak is
present at ~346 nm>’ (Figure S3), suggesting possible agglomeration of the NPs in acidic media.
When CeO, was treated with As3* at pH 4, the Ce*" peak shifted to 330 nm. In this case,
physisorption of H;AsOj; stabilizes the NPs dispersion. Possible oxidation of As*" to As®" by
surface Ce*' ions may also occur, as previously suggested by Everett and Skoog.’® In this case,
the interaction of CeO, NPs with As*" can be a combination of oxidation and sorption similar to
that reported for MnO,.*> Therefore, the NP surface may contain As’" and the newly formed As>*
stabilized through hydroxyl groups as monodentate (As**, As*) or bidentate (As>") complexes.>
When these processes were studied by SPCE at this pH value, the particles exposed to As**
showed the lowest number of oxidative spikes with the lowest current intensity. This indicates a
low concentration of As species adsorbed onto CeO, NPs, possibly due to a low conversion rate
of As3" to As>" and the lack of interaction between the protonated surface of CeO, and H3AsOs.
These finding are in line with prior works reporting low removal efficiency of As** by CeO, in
acidic pH (<4).” At pH 8, the peak of Ce*' in the UV-Vis spectra shifts slightly from 303 to 313
nm in the As-treated sample, due to As adsorption. At pH 12, the presence of As induced a
decrease in the Ce*' peak and a shift from 303 to 312 nm due to NPs agglomeration (Figure S3).
Full width at half maximum (FWHM) of peaks for CeO, NPs exposed to As*" at pH 4
and 8 ranged between 0.11 and 0.13 sec. The FWHM of peaks at pH 12 (Figure 3) was ~ 0.25
sec or 0.32 sec suggesting collisions with agglomerated particles. The deconvolution of peaks
(Origin 9.0 software) associated with those collisions (Figure 3d right) indicates collisions with
aggregates of 2 - 3 NPs. This finding is supported by DLS measurements of the particles exposed
to As3* showing an increase in the particle size from ~ 90-110 nm at pH 4 to ~ 230 nm at pH 12.
The average charge per impact transient calculated from few hundred spikes of As-exposed

CeO, was: 0.63 x 1012C, 2.93 x 1012C and 9.75 x 10-'2 C at pH 4, 8 and 12 respectively (Figure
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S4). By taking into account the charge and the number of electrons involved in eq. 3, the average
numbers of As atoms attached onto single CeO, NP can be found.!’
Q =ne NAS (3)

(where: n=2, e = 1.6 x 10-1°C and N 4 - the number of As atoms)

0.0701ip (noise) ~ 5 pA

| 50 pA
< 0.068 /%

0.066

67.5 68.0
sec.

[ —

ip~23 pA

(nA)

0.43

d 0.401 ip ~ 98 pA

(nA)

sec 50 100 150 200 " sec.

Figure 3. I-¢ profile recorded at 0.8V of CeO, (a) and CeO, NPs exposed to As** (0.1 mM) at pH 4 (b), pH 8 (c) and

pH 12 (d) with zoom on representative current transients (right).

Table S1 shows the physicochemical characteristics of CeO, exposed to As*" at pH 4, 8
and 12 respectively. For NPs exposed to As at pH 4 about 22% of the surface is occupied by As,
while for NPs exposed at a pH higher than 8 nearly the entire surface is covered by adsorbed As.
The high loading of As** on CeQ, in basic conditions calculated from charge measurements
suggests that adsorption in basic media is significantly higher than in acidic media. These results
are in good agreement with the previous studies of As*' adsorption on ceria.!> #® Since
uncharged H3;AsQOj is the dominant species in acidic or neutral aqueous solutions, adsorption on
solid materials is limited. At pH 4, the CeO, NPs are positively charged (+36.92+5.44 mV) and
have little attractive effect on H3AsO;.#® At low pH, the Ce*" with a high standard reduction
potential (Ce**/Ce** = 1.61V) and can oxidize As*" to As®" (As>"/As3" = 0.56V). In this case, the

redox process involving the Ce3*/Ce*" species and the size (surface area) of CeO, are expected to
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be the dominant factors. At pH 8, the zeta potential of CeO, measured in PB solution was -
30.63+4.35 mV. Under weakly alkaline conditions (pH 8-10), adsorption is expected through the
highly hydroxylated species of the CeO, surface. Prior studies of As** removal by CeO,-based
oxides,*-49 52,59 showed a maximum As** adsorption under alkaline conditions. A strong affinity
between H,AsOs anions and CeQ, is expected. This interaction involves a hydrated Ce*" form,
Ce(H,0)x(OH),“»* which is further stabilized by counter ions.3”-0-6! The H,AsOs” which is the
most dominating species at a pH>8 can stabilize the hydrated Ce*" complex. This interaction
could explain the highest As removal efficiency observed previously in the pH range of 8-10.4%-
49,51-52,59

To further confirm the composition and the Ce, As and O valence states and validate the
collision data, the surface of NPs before and after As adsorption were studied by XPS. The Ce3d
spectra (Figure S5) confirms the presence of both 4+ and 3+ valence states of cerium at the CeO,
surface. The concentration of Ce3* calculated from the corresponding area peaks®? assigned to
Ce’* and Ce*" before As adsorption was 23.6, 24.8 and 22.8% for pH 4, 8 and 12 respectively.
After As adsorption, the Ce3* content increased to 27.7% for adsorption at pH 4, while for the
other two pH values the Ce** content remained nearly the same, 24.1% at pH 8 and 22.8% at pH
12. The high resolution Ols spectra before and after As adsorption, as well as the As3d spectra
of CeO, NPs at the three pH values tested are illustrated in Figure 4. The Ols spectrum of bare
CeO; at pH 4 can be deconvoluted into three overlapped peaks (Figure 4a). The first on at 529.8
eV corresponds to lattice oxygen as Ce*"-O, the one at 531 eV is associated with the oxygen
atoms in Ce3™-0,% while the peak at 531.5 eV can be attributed to the surface bond hydroxyl
groups (Ce-OH).%* After As adsorption, the Ols spectrum shown an additional peak at 533.2 eV
associated to the surface adsorbed water molecules (Figure 4d). The As spectrum has two fitted
peaks associated with As’*-O at 44 eV and As>*-O at 45.4 ¢V (Figure 4g).%> The presence of
As>*-O peak concurrently with the increase in the ratio of oxygen bound to Ce** from 10% to
29% after As adsorption, suggests partial oxidation of As’* to As>" during the adsorption process
at this pH value (pH 4). A similar trend was reported previously for the adsorption of As onto
Ce-Fe mixed oxide® or CeO,-graphene oxide.®® The Ols spectra of the CeO, NPs dispersed in
solutions with pH of 8 or 12 before exposure to As show characteristic features of Ce-O (~ 530
eV), Ce-OH (~531.4 eV) and adsorbed water (~533 eV) — Figures 4b,c. After As adsorption, a
new peak ~ 527 eV appeared in the Ols XPS spectra, assigned to As-O bond (Figures 4e,f).5

10
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The corresponding area of this peak decreases from 12% for the As-exposed CeO, at pH 8§ to ~
8% as compared to those at pH 12 proving that slight basic condition are more favorable for As
adsorption. The XPS spectra of As3d for the NPs exposed to As at pH 8 and 10 has two
components (43.6 — 44.6 V) associated with As-O and As,Os (Figures 4h,i).%® The absence of
the As>" peak at ~ 45.5 eV suggests no As*' oxidation process for these basic pH values. The
XPS results are in good agreement and confirm the electrochemical collision data, demonstrating
that collision can be used as an alternative method to identify adsorption processes and
speciation of heavy metal adsorption at NPs surfaces. Further electrochemical studies to assess

the effect of NP and As concentrations were performed at pH 8.

Name  Pos.  ftArea Name Pos. Mdrea d Name Pos. irea

0fs  530.995 10.01 q|[os s vw ls3d 4537 6380
| Ot ST 67 ofs 835 1% hs3d 4402 36.20 g
| 0t 531872 28.19 015 B8 1727 I

f | 015 52863 4639 Ly

- Y T U

¥ VIR LIRYN

CeO; (pH 4) l CeO,/As (pH 4) “||' CeO,/As (pH 4) |
I | T T T T | T T T I |

534 531 528 525 537 534 531 518 525 48 46 44 42 40

RKame  Pos.  %Area Name  Pos.  %hrea Name  Pos. ‘hres

Ofs 53042 1610 0fs 529033 57.08 As3d 4365 5713

Ofs 5339 7675 b 0fs 5915 777 € As3d 4434 4287 h
0fs 5T 516 015 531328 23.06

15 S0 109 p

Wy £
=~ | Ce0,/As (pH 8)
| I | | T | I I
534 531 528 525 537 534 51 S 625

CeO, (pH 8)

Name  Pos. hrea Name  Pos.  Shrea Name  Pos,  %Area

01fs 52909 67.02 c 0fs 52948 5175 f As3d 439374 57.13 i

0fs 53287 625 01fs 53336 14.89 As3d  44.6274 4187

0fs  531.38 26.72 01s 53177 25.19
0fs 52697 816

Ce0,/As (pH 12) " ‘ Ce0,/As (pH 12)
I I [ [

T T I I T T T T
53 53 5B 55 537 5% 53 528 525 4 46 44 42 40

ol

CeO; (pH 12)

Figure 4. The O1s XPS spectra (a,b,c) of CeO, and the Ols (d,e,f) and As3d (g,h,i) XPS spectra of the NPs exposed
to As at different pH values: 4, 8 and 12 respectively.

The As-CeO, concentration showed a linear increase in number of spikes in both anodic
and or cathodic regions with increasing the particle concentration (Figure 5). However, several
differences are seen between the anodic and cathodic regimes. First, the reductive current
transients recorded at -0.3V with bare CeO, (Figure S6), are higher (~ 20pA), than the residual

current (~ 5pA) in the oxidative regime. This is due to the influence of oxygen reduction reaction

11
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(ORR) and possibly the hydrogen evolution at Pt UME occurring at a potential lower than -0.3V.
In this case, current transients with intensities higher than S0pA were considered in data analysis.
The chronoamperometric profile recorded under reductive conditions contained a combination of
both “spike” and “staircase” signals. The latter is attributed to the accumulation of As® onto the
Pt-ME surface, a process that occurs when the NPs-carrying As collide and transfer the adsorbed
As to the Pt-ME.!3 Indeed, the linear sweep voltammetry (LSV) between 0 and 1V with a Pt-ME
before and after use in a reductive collision measurement showed a well-defined oxidative peak
at 0.7V representing the stripping of the As accumulated onto the Pt-ME surface during the

collision experiment (Figure S7).
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Figure 5. I-¢ profile recorded at 0.8 V (a-d) and -0.3 V (f-i) of CeO, exposed to As*" at pH 8 at different NP
concentrations: 0.03 (a,f), 0.06 (b,g), 0.12 (c,h) and 0.24 mg/mL (d,i) with the correspondent concentration-
collisions dependency curves for oxidative spikes (e) and reductive spikes (j) respectively. The error bars represent
the standard deviation of five replicates.

A comparison between the experimental and calculated frequency values of the oxidative
collision events as a function of the As-CeO, NPs concentration (details in SI) is illustrated in
Figure S8. The theoretical values are higher than experimental ones and this finding is in

agreement with the previous theoretical and experimental studies.®® This discrepancy was
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associated with the NPs aggregation / precipitation / wall sticking, undetectable collisions, small
untraceable transient currents’’ and in this case a possible inhomogeneous As adsorption onto the
NP surface.

In a final set of experiments, we assessed if changes in the total calculated charge from
collisions and/or peak collisions current intensity can be used to quantify the initial concentration
of As’" in solution. For measurements carried out in the negative potential range (e.g. reduction
of As’") where the collision process has both spikes and stairs, it is very difficult to calculate the
total charge. Moreover, the presence of possible heavy metals co-contaminants (e.g. Cr®*/Cr3* =
-0.12V, Pb?"/Pb? = -0.13V, Cd*"/Cd° = -0.40V) may impact the selectivity of measurements. Due
to these impediments, the As content in initial solutions was determined only through oxidative
collisions at 0.8V. NPs exposed to a solution containing 0.1 uM As*" generated ~7 (+) 3 spikes
during 200 s time measurement, while for those exposed to 1, 10 and 100 uM the number of
spiked were 10(£5), 11(£5) and 13+3 respectively - Figure 6(a-d). SPCE experiments were
carried out using at least two different batches of As—CeO, NPs and two different electrodes. A
minimum of five collision tests were run for each As concentration tested. Figures 6e and 6g
show the calibration curves of total charge (Q,) and peak current intensities (i,,) vs As
concentration. The average charge recorded in 200 sec for CeO, exposed to 0.1 uM As was 13.4
+ 4.2 pC. The charge increased to 131 + 21.2 pC when the NPs were exposed to 100 pM As.
The corresponding average collision peaks current increased from ~ 28 pA to ~230 pA. A linear
correlation between charge or current intensity and As** concentration in the exposure solution
was found between 0.1 and 10 uM (Figures 6f and 6h). The error bars represent the number of
five replicates. The limit of detection (Crop) was calculated using Crop = 35,4 = b, where s, is
the standard error of the regression and b is the slope. When the Q, analysis was considered, the
Crop was 0.65 pM (~ 48 ppb), while for i,, calibration, the C;op was 1.14 uM (~ 85.5 ppb)
respectively. This dependency can be used to determine the amount of As3" in aqueous samples.
The LODs obtained by SPCE falls within the range of (0.008 — 200 ppb) that was reported
previously using electrochemistry.”! However, SPCE analysis reflects the amount of As’*
adsorbed onto NP surfaces rather than the dissolved As*' previously measured by voltammetric
techniques. To demonstrate this applicability water samples from a local river (Raquette River)
spiked with 1 uM As3* were exposed to CeO, NPs for 24 hrs and then the collision was recorded.

The recorded chronoamperogram showed ~11 collisions with an average peak intensity of ~50
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pA and average charge of 18.9 pC (Figure S9). These values are comparable with the 1 pM As>*
standard solution of 57 pA and 26.1 pC respectively. These results demonstrate the potential of

this method as an analytical tool to quantitatively measure the amount of As*' in aqueous

environments.
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Figure 6 /-t profiles recorded for 200 seconds at 0.8 V (a-d) and their correspondent calibration curves of total
charge (e) and current intensity (g) for CeO, NPs exposed to different As>* concentrations: 0.1 uM (a), 1 uM (b), 10
uM (c) and 100 pM (d). Linear range of Q, (f) an i,, (h) vs As*" concentration. The error bars represent the standard
deviation of five replicates.

CONCLUSION

In conclusion, we demonstrated the applicability of SPCE to study the interaction, redox
transformation and speciation of a representative heavy metal contaminant, As** on metal oxide
NPs, using CeO, as a model example. The adsorption of As*" and its interaction with CeO, NPs

have been detected electrochemically either through the direct oxidation of the As** adsorbed
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onto the NP surface, or reduction of As’*, at their corresponding potentials. We found that
changes in total recorded charge and peak intensity can be used to estimate the oxidation state
and the amount of As adsorbed onto each NP surface, illustrating the possibility of this method
for assessing the sorption behavior and measure the local contaminant concentration and their
oxidation states (loading on each particle) in different exposure conditions. The highest number
of spikes was observed for As3* adsorption at pH 8 suggesting a maximum adsorption capacity at
this pH value. Surface adsorption of As’" was common in basic conditions, confirming strong
adsorption onto CeO, NPs. In acidic environments (pH<4), a small fraction of As** was oxidized
to As>" by surface Ce*" and further adsorbed onto the CeO, surface as a bidentate complex. The
measured charge and peak current intensity can be correlated with the As?' concentration
accumulated onto the NPs, which is representative of the As concentration in solution. No other
method can provide measurement of localized concentrations and speciation of environmental
toxicants directly on the particle surface. A linearity between the spike frequency and As
concentration was observed in the range 0.1-10 uM, indicating that the method can also be used
as an analytical tool for measurements of As. A key feature of this strategy is that, unlike
spectroscopic approaches, the SPCE can be used to investigate both redox and surface sorption
processes occurring at the contaminant/NP interface in aqueous solutions, without any treatment
of the sample, which is critical to furthering our understanding of the kinetics and reaction
mechanisms of environmentally released NPs. Given the elemental speciation and high
sensitivity of the method, single particle electrochemistry has many potential applications for
material characterization and fundamental studies of redox reactions occurring in aqueous media

at resolution scales unattainable by currently used methods.

MATERIALS AND METHODS

Reagents. Cerium (IV) oxide nanopowder (10-20 nm) (Catalog # 544841) was purchased from
Sigma Aldrich. As,O3; was purchased from J.T. Baker. PFA-Coated Platinum Wire (Catalog:
771000), ¢ = 50.8 pum was purchased from A-M systems. Silver conductive epoxy was obtained
from MG Chemicals. Non-conductive epoxy was purchased from Devcon. Ferrocenemethanol
97% (FeMeOH) and Na,SO, were purchased from Sigma Aldrich. DI water (Millipore, Direct-Q
System) with a resistivity of 18.2Q cm was used for preparation of solutions. For buffer solution,

0.1 M phosphate buffer (PB) was made from sodium phosphate (monobasic and dibasic) (Fisher

15

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

Sci.) and adjusted to pH 8. The As3" stock solution (2 mg/ml) was prepared by dissolving arsenic
trioxide in 0.1 M NaOH (Fisher Sci.).

Instrumentation.  Electrochemical experiments were performed using a CHIS00 (CH
Instruments Inc.). All electrochemical experiments were carried out using a conventional three
electrodes electrochemical cell with a Pt-UME as the working electrode, Ag/AgCl as reference
electrode and a platinum wire as counter electrode. All potentials were referred to the Ag/AgCl
reference electrode. The UV studies were performed with a Shimadzu PC-2401
spectrophotometer using 1 cm quartz cell. The particles size distribution and the zeta potential
were measured with a Brookhaven Zeta Pals analyzer. The XPS measurements were performed
at Cornell Center for Materials Research (CCMR) using a Surface Science Instruments SSX-100
with operating pressure ~2x10 Torr. Monochromatic Al K, X-ray (1486.6 e¢V) with 1 mm
diameter beam size was used. Photoelectrons were collected at a 55° emission angle. A
hemispherical analyzer determined electron kinetic energy, using pass energy of 150V for
wide/survey scans, and 50V for high resolution scans. A flood gun was used for charge
neutralization of non-conductive samples.

UV-Vis Spectroscopy Experiments. Ceria (CeO,) NPs were dispersed in solution with different
pH values of 4, 8, 12 (HC] and NaOH were used to regulate pH) with the final concentration of
0.05 mg/ml. For exposure studies, the CeO,NPs were dispersed in solutions of As of different pH
values (4, 8, 12) and incubated for 24 h before analysis.

Real Sample Measurements. Applicability of the collision protocol to measure As content in
real samples was demonstrated using water collected from Raquette River in Potsdam, NY,
USA. In order to remove any solids impurities, the river water was filtered using a Whatman
filter paper. Then, CeO, NPs (0.25 mg/ml) was added and the water was spiked with As3*
solution (1 uM) and incubated at RT for 24 h. After centrifugation (10,000 rpm for 5 min), the
supernatant was removed and the particles were washed twice with DI. The exposed NPs were
dispersed in 4 ml electrochemical cell and measured by single particle collision electrochemistry.
Figure S7 shows collision profiles for real sample analysis using river water spiked with 1 uM

As** and exposed to CeO, for 24 hrs.
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