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ctrochemical cell for studying the
corrosion of uranium dioxide (UO2)†

Jennifer Yao, Nabajit Lahiri, Shalini Tripathi, Shawn L. Riechers, Eugene S. Ilton,
Sayandev Chatterjee and Edgar C. Buck *

We have developed a specialized microfluidic electrochemical cell that enables in situ investigation of the

electrochemical corrosion of microgram quantities of redox active solids. The advantage of downscaling is

the reduction of hazards, waste, expense, and greatly expanding data collection for hazardous materials,

including radioactive samples. Cyclic voltammetry was used to monitor the oxidation–reduction cycle of

minute quantities of micron-size uraninite (UO2) particles, from the formation of hexavalent uranium

(U(VI)), U3O7 and reduction to UO2+x. Reaction progress was also studied in situ with scanning electron

microscopy. The electrochemical measurements matched those obtained at the bulk-scale and were

consistent with ex situ characterization of the run products by X-ray photoelectron spectroscopy,

scanning transmission electron microscopy, and atomic force microscopy; thus, demonstrating the

utility of the microfluidic approach for studying radioactive materials.
1 Introduction

The release of most radionuclides from spent nuclear fuel (SNF)
in a geologic repository will be controlled by the dissolution rate
of the uranium oxide (UO2) fuel matrix.1–3 Understanding the
dissolution rate of UO2 is therefore of prime importance for
prediction of waste form performance. Repository conditions,
however, are projected to be complicated, whereas expected
bulk anoxic conditions should strongly suppress the aqueous
solubility of UO2,4,5 the self-generated radiolytic eld from SNF
can result in localized oxidizing conditions at the fuel–water
interface. This research is aiming to address the issues and
challenges raised in the Spent Fuel and Waste Science and
Technology (SFWST) road map.6

Shoesmith7 has shown the value of measuring the electro-
chemical corrosion potential of 238UO2. Indeed, the UO2

corrosion rate can be measured by electrochemical means even
under reducing conditions where UO2 is only sparingly soluble.
As radiolytic oxidants will lead to SNF dissolution and radio-
nuclide release, there is great interest in investigating processes
that slow this effect. Goldik and co-workers using bulk elec-
trochemical techniques have shown how the formation of
corroded surfaces blocked further reaction.8,9 Broczkowski
et al.,5 again using electrochemical methods, examined the role
of noble metal particles (NMP) and dissolved H2 with simulated
SNF in an effort to simulate the role of H2 generation from
Battelle Blvd. P.O. Box 999, Richland, WA

(ESI) available: Details of device
e electrochemical measurements. See

358
anoxic corrosion of iron and the impact of NMP. The corrosion
potential was found to be suppressed in the presence of H2 both
with and without NMP present. The role of NMP as well as
possible catalytic actions at the UO2 surface are an area of
continued research.10 Nevertheless, electrochemical testing has
proven to be an effective methods for investigating these
systems.

Experiments with bulk amounts of SNF can be difficult
owing to the need to use shielded hot cell facilities to protect
against the intense b/g radiation eld.11 If the amount of SNF in
a single test could be reduced several orders of magnitude, it
might be possible to run experiments and other analytical
characterization outside of a shielded facility. This would vastly
reduce the overall difficulty of running experiments. To facili-
tate corrosion studies at microscale, we designed a microuidic
electrochemical cell, PAMEC (particle-attached microuidic
electrochemical cell), which was inspired by the System for
Analysis at the Liquid Vacuum Interface (SALVI) microuidic
device that was developed at PNNL by Yu and co-workers.12–15

PAMEC is a three-electrode microuidic electrochemical cell (E-
cell) that has been modied by switching to a thinner but non-
perforated Si3N4 widow that allows in situ scanning electron
microscopy (SEM)/energy dispersive spectroscopy (EDS) anal-
ysis and maintenance of anoxic conditions as needed. PAMEC
uses composite electrode made of particle materials as the
working electrode. In this study, we applied UO2 powder to
make the composite electrode in PAMEC device that enables in
situ observation of the interfacial chemistry and morphological
changes between UO2 electrode and electrolyte at microscale.
Fig. 1 shows the experimental setup of the PAMEC, in
conjunction with the employment of multiple characterization
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra02501a&domain=pdf&date_stamp=2022-07-02
http://orcid.org/0000-0001-6256-1880
http://orcid.org/0000-0003-4931-5217
http://orcid.org/0000-0003-2218-5635
http://orcid.org/0000-0001-5101-9084
https://doi.org/10.1039/d2ra02501a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02501a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012030


Fig. 1 Schematic of the PAMEC and sequence of characterization
steps. Step I: Highlights of the electrochemical analysis of the UO2

particle composite electrode. Step II: In situ SEM/EDS imaging and
spectral analysis of the UO2 electrode. Step III: Ex situ characterization
of the UO2 WE for oxidation state verification, surface oxidation
imaging at atomic scale, and surface topography measurement.

Fig. 3 (a) BSE image of UO2 particles (bright particles) bound by PVDF/
CB (dark area), and (b) SE image from the same area as (a), demon-
strating the porous microstructure of the PVDF/CB network.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 8
:5

6:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
techniques including in situ SEM/EDS, X-ray photoelectron
spectroscopy (XPS), scanning transmission electron microscopy
(STEM), atomic force microscopy (AFM), and an electro-
chemical workstation.

In this contribution, we validate the utility of the PAMEC for
studying the corrosion of micrograms of materials, using UO2

particles as a case study. The metric for success is whether
corrosion measurements are consistent with prior bulk studies.
2 Experimental section
2.1 Microuidic electrochemical cell fabrication

The PAMEC is a three-electrode microuidic E-cell, consisting
of UO2 particles as the working electrode (WE), platinum wires
as the reference electrode (RE) and counter electrodes (CE). The
Si3N4 membrane (Norcada) was rst coated with 10 nm tita-
nium (Ti) and 40 nm gold (Au) using sputter coater (Cressington
208) to form a conductive path between the detection window
(0.5 � 0.5 mm2) and the edge of the Si3N4 membrane (Fig. 2a).
Most critically, the UO2 particle electrode was prepared by
mixing the polyvinylidene uoride (PVDF) binder and conduc-
tive carbon black (CB) in N-methyl-2-pyrrolidone solvent to form
a slurry with a concentration of 8 mg mL�1 UO2. Earlier
attempts by our group using a Naon binder were less useful for
radioactive materials because of the requirement for spin-
coating.16 1 mL of this slurry was deposited on the 50 nm thick
Si3N4 membrane window to form the UO2 WE (Fig. 2b). Later, it
Fig. 2 Fabrication process of the PAMEC device, including (a) Au
coating to form the conductive path on the Si3N4 membrane, (b)
depositing UO2 PVDF/CB slurry on the detection window in the center
of the Si3N4 membrane to form theWE, (c) bonding the reservoir made
of PDMS with UO2-attached Si3N4 membrane, and (d) the parts
assembly e.g., inserting Teflon tubing. (a) and (b) were imaged by an
optical microscope (c) and (d) were taken by a digital camera.

© 2022 The Author(s). Published by the Royal Society of Chemistry
was bound with a polydimethylsiloxane (PDMS) reservoir (2 � 3
� 1.5 mm3) with pre-inserted CE and RE (Fig. 2c) to complete
the rest of the assembly (Fig. 2d).13 The inspiration for using
PVDF/CB as the electrode binding material comes from Grillet
and co-workers17 who used it to test the performance of lithium-
ion battery electrodes. The PVDF/CB binder exhibits excellent
resistance to large electrochemical potentials typical of lithium
batteries and is sufficiently porous and durable to enable the
migration of both electrons and lithium between anode and
cathode over long time periods. These factors made it ideal for
our purposes where it was essential to maintain both electric
and electrolyte contact between all the particles.

Fig. 3 provides a closer view of UO2 composite electrode.
Fig. 3a shows a backscattered electron (BSE) image from
a selected area on the UO2 WE. The secondary electrons (SE)
image of the same area (Fig. 3b) highlights the porous micro-
structure of PVDF/CB network, which not only provides the
conductive path but also allows the dispersion of the electrolyte
into the UO2 WE. These UO2 particles originated from a single
crystal UO2 which was milled to micron-sized particles. The
average size of the UO2 particles is 1.6 mm (Fig. S1†).
2.2 Electrochemical testing

The electrochemical workstation (CHI660E, CH Instruments,
Inc.) was employed to perform the electrochemical testing on
multiple PAMEC devices. Cyclic voltammetry (CV) and amper-
ometric current–time (i–t) technique were used to study the
corrosion behavior of UO2 in a 0.1 M NaClO4 (pH 9.5) solution,
the same solution used in bulk analysis.18–20
2.3 Sample characterization

In situ imaging of the PAMEC WEs was performed in the
chamber of a FEI Quanta 250FEG Environmental SEM, in the
low vacuum condition with an accelerating voltage of 20 keV
and the spot size of 4.0. Ex situ XPS was performed on a Kratos
AXIS Ultra DLD system using a monochromatic Al-Ka source (hn
¼ 1486.7 eV) operating at an analysis chamber pressure of <2 �
10�9 torr. The intact PAMEC devices were transferred into an
inert glove box attached to the fast entry port of the XPS
instrument aer electrochemical and in situ SEM/EDS analyses.
The cells were disassembled under an argon atmosphere (O2 at
�3 ppm and 0.2 ppm moisture) and mounted onto conductive
RSC Adv., 2022, 12, 19350–19358 | 19351
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View Article Online
copper tape for analysis. The energy scale was calibrated to the
aliphatic C1s line set at 285.0 eV. Curve tting followed the
methodology outlined in Ilton et al.21

Post electrochemical testing analysis on the UO2 electrode
required making li-outs using a FEI Helios 660 SEM-Focused
Ion Beam (FIB). The li-outs were examined on a JEOL 300F
GrandARM probe-corrected scanning TEM (STEM) equipped
with a high angle annular dark eld (HAADF) detector. STEM-
HAADF was used to look for evidence of oxidation through
contrast changes. Similar approaches to investigating UO2

corrosion under anoxic conditions have been used by our
group.22,23

Imaging with AFM was performed in tapping mode using
probes with relatively long and so cantilevers and settings to
follow the tall and abrupt contours of the particles (Oxford/
Asylum AC240TSA-R3, Setpoint 1.5 V, Drive amplitude 0.9 V,
scan rate 0.3 Hz).
3 Results and discussion
3.1 Electrochemical testing

The electrochemical testing conditions and analyses methods
for each UO2-attached PAMEC device and blank control are
tabulated in Table 1. Due to the possible oxidation of UO2

particles during the device fabrication, the UO2 electrode was
cathodically cleaned at �1.0 V vs. saturated calomel electrode
Table 1 Electrochemical testing of PAMEC and multimodal characteriza

Device ID Electrode Electrolyte

Electro

Cyclic

PAMEC-1 UO2 and PVDF/CB
composite electrode

0.1 M NaClO4 (pH 9.5),
purged with N2 for 30
minutes

CV sca
0.5 V v
scan r
s�1 up

PAMEC-2 UO2 and PVDF/CB
composite electrode

0.1 M NaClO4 (pH 9.5),
purged with N2 for 30
minutes

CV sca
0.5 V v
s�1

PAMEC-3 UO2 and PVDF/CB
composite electrode

0.1 M NaClO4 (pH 9.5),
purged with N2 for 30
minutes

NA

PAMEC-4 UO2 and PVDF/CB
composite electrode

0.1 M NaClO4 (pH 9.5),
purged with N2 for 30
minutes

NA

PAMEC-5 PVDF/CB composite
electrode

0.1 M NaClO4 (pH 9.5),
purged with N2 for 30
minutes

CV sca
0.5 V v
s�1

PAMEC-6 PVDF/CB composite
electrode

10 mM K4Fe(CN)6 and
10 mM K3Fe(CN)6 in
1.0 M aqueous KNO3

CV sca
0.8 V v
variou
5 mV
s�1

19352 | RSC Adv., 2022, 12, 19350–19358
(SCE) for 400 s to remove surface lms formed from reaction
with O2 prior to deaeration with N2 purging.

PAMEC-1 WE were analyzed by electrochemical workstation,
in situ SEM/EDS and then XPS, as listed in Table 1. Aer being
loaded with 0.1 M NaClO4 (pH ¼ 9.5), the U(IV)/U(VI) redox
process for the UO2 WE was probed electrochemically using
a combination of cyclic voltammetry (CV) and amperometry
experiments, as summarized in Fig. 4. To better compare with
the results which were based on the SCE RE,18–20 we have con-
ducted the potential shi determination testing, as described in
ESI (Fig. S2†), by testing the redox potentials of the ferrocya-
nide–ferricyanide redox couple using PAMEC-6 (Table 1). The
potential reading based on Pt RE was negatively shied �0.2 V
comparing to results using the SCE RE. To facilitate comparison
to electrochemical measurements from UO2 bulk analyses,
potentials in this work were converted to the SCE scale in Fig. 4
and S3.†

In the voltammetry experiments, the redox system was
examined as a function of varying scan rates, namely 10 mV s�1,
20 mV s�1, 50 mV s�1, 100 mV s�1, and 200 mV s�1, within an
electrochemical potential window ranging from �1.0 V to 0.5 V
vs. SCE. For each scan rate, the electrochemical potentials were
initially swept in the positive direction initiating at �1.0 V all
the way up to 0.5 V vs. SCE, which was subsequently followed by
a reverse sweep back to �1.0 V vs. SCE. These were followed by
two more sweeps in the positive directions and reverse sweeps,
tion of UO2 WE

chemical analysis method
Imaging and spectral
analysisvoltammetry Amperometry

n range �1.0 V to
s. SCE at various
ates from 10 mV
to 200 mV s�1

Applied �1.0 V vs. SCE
for 400 s prior to CV
scans; applied 0.5 V vs.
SCE for 13 h aer CV
scans and followed with
�1.0 V vs. SCE for 400 s

In situ SEM/EDS, XPS (E-
cell was disassembled
in XPS glove box)

n range �1.0 V to
s. SCE at 20 mV

Applied �1.0 V vs. SCE
for 400 s prior to CV
scans; applied 0.5 V vs.
SCE for 4 h aer CV
scans

Ex situ XPS (E-cell was
disassembled in XPS
glove box)

Applied �1.0 V vs. SCE
for 400 s prior to anodic
oxidation; applied 0.5 V
vs. SCE for 4 h

STEM (E-cell was
disassembled in
atmosphere)

Applied �1.0 V vs. SCE
for 400 s prior to anodic
oxidation; applied 0.5 V
vs. SCE for 2.5 h

AFM (E-cell was
disassembled in
atmosphere)

n range �1.0 V to
s. SCE at 20 mV

Applied �1.0 V vs. SCE
for 400 s prior to CV
scans

NA

n range �0.3 V to
s. platinum RE at
s scan rates from
s�1 up to 100 mV

Applied �1.0 V vs. SCE
for 400 s prior to CV
scans

NA

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cyclic voltammograms comparison at 20 mV s�1 scan rate, with left Y-axis corresponding to our result using PAMEC-1 (red line) and
right Y-axis corresponding to bulk analysis result reported by Sunder et al. (grey line),19 (b) cyclic voltammograms acquired at various scan rates
using the same PAMEC-1 (b), and (c) the current–time (log–log) curve recorded for 13 hours at the potential of 0.5 V vs. SCE, and (d) anodic and
cathodic peak current vs. scan rates.
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totaling an overall six sweep segments. The multiple sweep
segments were conducted to understand the chemical and
electrochemical reversibility of the electrochemical processes.
Fig. 5 (a) U 4f spectral fitting for initial ‘as-received’ UO2 sample. (b) U
electrochemical oxidation of U(IV) and U(V) to U(VI), and (c) U 4f spectral

© 2022 The Author(s). Published by the Royal Society of Chemistry
A subset of cyclic voltammograms (20 mV s�1 over six sweep
segments) were compared to the bulk UO2 WE conducted over
similar conditions (Fig. 4a).18,19 It showed two anodic processes
4f spectral deconvolution for PAMEC-2 showing clear evidence of
fitting for sample PAMEC-1 WE.

RSC Adv., 2022, 12, 19350–19358 | 19353
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Fig. 6 The BSE images of (a) empty PAMEC-1, (b) loaded with electrolyte before anodic corrosion, and (c) after 13 hours of corrosion, with
corresponding EDS spectra (d, e, f) acquired from the area shown in (a, b, c), respectively. EDS spectra were all normalized to respective Si
intensity.

Fig. 7 STEM-HAADF images of the (a) ‘as-prepared’ surface and (b)
surface following corrosion in the PAMEC-3 showing the oxidation at
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in the forward sweep and two cathodic processes in the reverse
sweep, namely, an anodic process started at �0.24 V vs. SCE
(marked as process (i)), a second anodic process at 0.38 V vs.
SCE (marked as process (ii)), a cathodic process at �0.61 V vs.
SCE (marked as process (iii)), and nally, a large reduction at
�1.0 V vs. SCE (process (iv)). The processes observed in our
microelectrochemical system approximately mirror the
processes albeit with slightly shied electrochemical potentials,
as previously reported for bulk U(IV)/U(VI) redox processes that
employed an UO2WE under similar electrochemical testing and
matrix conditions.18–20

The anodic process (i) in Fig. 4a is attributed to an oxidation
of the non-stoichiometric area of the UO2+x surface on the
PAMECWE. A similar process was observed by Sunder et al.20 for
their bulk UO2 electrode, but were absent or insignicant in the
cases where the WE were constructed of more oxidative resis-
tant UO2 materials, such as synthetic SNF,4 which further sup-
ported this process being a result of the surface oxidation.
Further evidence of the UO2 surface in our PAMEC being prone
to partial oxidation, was obtained from XPS studies on the ‘as
prepared’ samples as described later (Fig. 5). As can be seen
from the cyclic voltammograms, the peak current intensity for
this particular process was observed to undergo a more signif-
icant drop from the rst segment to the following segments,
compared to the other processes (ii)–(iv). This indicates that as
the surface monolayer gets oxidized, less of it is available for
oxidation in subsequent segments, leading to a notable drop in
current intensity. This observation is as what we expected, as
the electrode surface undergoes irreversible oxidation when
19354 | RSC Adv., 2022, 12, 19350–19358
potential scanned over �0.4 V vs. SCE.24 The process (ii) is
probably attributed to oxidation of the UO2 surface.20 This
process has been observed in the bulk UO2 WE system and has
been attributed to the oxidation of the surface to UO2.33.20,25,26

The slight increase in peak intensity suggests that the process is
limited to surface oxidation, as opposed to extensive oxidative
dissolution of the surface, which would be expected to be re-
ected in a more pronounced enhancement in the current
intensity. The oxidative nature of this process is further
corroborated by in situ SEM analysis (see Fig. 6) and direct
evidence from XPS for U(VI) (see Fig. 5), as discussed later.

On the return cathodic scan, the peak at �0.61 V vs. SCE,
(Fig. 4a, process (iii)) is thought to be the reduction of the UO2.33

(U3O7) which compares well to the peak potential observed in
the bulk UO2 WE system,18–20 and supported by XPS results
(Fig. 5c).
the surface of the material.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Finally, the process (iv) is attributed to the reduction of water
(with H2 evolution process). The potential at which water
reduction occurs is heavily dependent on the UO2 surface (i.e.,
SIMFUEL vs. UO2).27

Multiple successive cyclic voltammograms acquired at
various scan rates (10 mV s�1 up to 200 mV s�1) showed
consistent results, highlighting the durability of the PAMEC.
Fig. S3a† also shows the reproducibility of cyclic voltammo-
grams acquired from two separate experiments (PAMEC-1 and
-2) and Fig. S3b† shows the cyclic voltammograms recorded in
a wider potential range (�1.3 V to 0.7 V vs. SCE). In addition,
cyclic voltammograms comparison between PAMEC w/- and w/o
UO2 WE can be seen in Fig. S3,† verifying the potential peaks
observed in the UO2-attached PAMEC devices were resulting
from the UO2 redox rather than the Si3N4 substrate or binding
materials, e.g., PVDF/CB.

The steady loss of current over time up to �1000 s (Fig. 4c) is
possibly due to the formation of a protective U(VI) alteration
layer, especially in the rst 100 seconds. This presumably
changes the electroactive surface which is reected in the
current response. In contrast, the slight increase of the current
aer 1000 s might indicate loss of this phase by, for instance,
surface spallation that exposed fresh oxide.

Fig. 4d presents the anodic peak currents (Ipa in process i)
and cathodic peak currents (Ipc in process iii) as a function of
scan rates. Both Ipa and Ipca are observed to be linearly
proportional to scan rate. This observed behavior is in strict
contrast to a diffusion limited electrochemical process where
the peak-current is proportional to the square-root of scan rate.
On the contrary, the behavior is consistent with the electroactive
specie being conned to the electrode surface without any
diffusion, indicating the redox is an adsorption/surface-
controlled process.
Fig. 8 (a) Optical image of disperse UO2WE particles, topography of (b) se
(d) four days after corrosion. The corresponding amplitude images are in
changes in lateral dimensions (red outline) and height given by cursor p

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2 XPS analysis

Spectroscopic analysis XPS can be used to quantify the oxida-
tion state of uranium at the near surface of solids.21,28,29 Sunder
and co-workers30 have used XPS to investigate the corrosion of
UO2 and simulated UO2 fuel.30 We employed XPS to analyse
three samples for comparison, including the as-prepared ‘UO2’

WE (Fig. 5a), oxidized UO2 WE of PAMEC-2 (Fig. 5b), and
oxidized UO2 WE of PAMEC-1 (Fig. 5c). The ‘as-prepared’ UO2

refers to the UO2 WE that had not been treated with electro-
chemical oxidation or reduction. Aer running CV scans
(Fig. S3†) to demonstrate the reproducibility of the redox
process among PAMEC devices, PAMEC-2 was anodically
oxidized at the constant potential 0.5 V vs. SCE for approxi-
mately 4 hours. PAMEC-1 was oxidized at the same constant
potential but for longer time (approximately 13 hours.) aer CV
scans shown in Fig. 4a and b. Aer 13 hours of oxidation, the
electrode of PAMEC-1 was reduced at �1.0 V vs. SCE for 400
seconds, as described in Table 1. Both E-cells (PAMEC-1 and -2)
were dissembled under argon gas in the XPS glove box prior to
the analysis.

We used the corroded sample (i.e., PAMEC-2) for our U(VI)
standard and a previously analyzed, well-characterized, UO2

sample as our U(IV) standard to t the U4f of the ‘as-prepared’
UO2 sample (see ESI,† XPS Analysis and Fitting Method). The
initial ts were poor, particularly around the shoulder of the U
4f5/2 peak at �390 eV and the satellite feature at �400 eV.
Introducing a U(V) component, along with U(IV) and U(VI), led to
a good t, as seen in Fig. 5a. The satellite features at 7.9 eV
above the U 4f main peaks (at 381.6 eV and 392.4 eV) are
characteristic of a U(V) species, while those at 6.4 eV above the
main peaks (at 380.5 eV and 391.3 eV) are well within expected
values for a U(IV).21 Thus, for the ‘as prepared’UO2WE, U(IV) and
U(V) were the primary components at 45.1% and 44.8% of total
lected UO2 particles as preparedWE on the substrate, (c) two days, and
cluded (f–h). Particle evolution from initial morphology is denoted by
rofiles (e) from the same region (grey lines).
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near-surface uranium, respectively. U(VI) had only about 10%
weight in the t. The higher oxidation states (U(V) and U(VI))
were seen in the ‘as-prepared’ UO2 electrode, which is likely
attributed to the UO2 oxidation when exposed to the atmo-
sphere during the sample handling.

Modeling the U 4f spectrum of the oxidized sample (PAMEC-
2), yielded a good t with satellite features at 3.7 eV and 9.4 eV
above the main peaks at 382.5 eV and 393.3 eV for U 4f7/2 and U
4f5/2 respectively (Fig. 5b). The satellites are diagnostic of U(VI),
indicating that PAMEC-2 WE is dominantly U(VI).

Fitting the U 4f spectrum of PAMEC-1 WE yielded U(VI)/
U(total) and U(IV)/U(total) equal to 50% and 45.3%, respec-
tively (see Fig. 5c). The overall concentration of uranium in the
solid sample was quite low possibly due to themass loss aer 13
hours of anodic dissolution, hence the low signal-to-noise ratio.
The feature at �400 eV is too intense to be the satellite associ-
ated with U(V) 4f5/2 and is assigned to N 1s presumably arising
from a nitride species due to the Si3N4 membrane of PAMEC.
The existence of U(IV) is attributed to 400 s of reduction aer 13
hours of oxidation, conrming the reversible redox reaction
occurred in the PAMEC-1.

The above XPS results conform well to that observed in the
CV scans and amperometry experiments. For instance, anodic
oxidation of UO2, as seen in process (ii) of the cyclic voltam-
mogram (Fig. 4a), results in the presence of U(VI) as the primary
species. Whereas subsequent reduction (at �1.0 V vs. SCE for
400 s) resulted in the reduction of U(VI) to U(IV) as seen in Fig. 5c.
3.3 In situ SEM/EDS

Fig. 6a–c show the BSE images of the UO2 WE obtained through
the Si3N4 detection window when PAMEC-1 was not loaded with
electrolyte (Fig. 6a), loaded with electrolyte but before anodic
corrosion (Fig. 6b) and aer 13 hours of anodic corrosion
(Fig. 6c), separately. All three images (Fig. 6a–c) show that the
UO2 particles remained at the same position, demonstrating
that the PVDF/CB network adhered well to the UO2 particles
despite a long period of electrochemical corrosion.

Importantly, the comparison of EDS spectra acquired from
the corresponding areas shown in Fig. 6a–c, conrmed that the
electrolyte solution (0.1 M NaClO4) was well dispersed
throughout the UO2 WE (Fig. 4d–f, showing differences in
normalized counts of O, Cl, and Na), owing to the porous
structure of PVDF/CB structure.31,32 Detectable Au, Ti, and
silicon (Si) are part of the PAMEC fabrication (see Section 2.1).
Fig. 9 Schematic of oxidation behaviour based on CV, XPS, in situ SEM/E
the conductive layer (Au and Ti) of the PAMEC, (b) “zoomed-in” schemat
UO2 forming U(VI) phase and precipitates and corrosion dissolution, and

19356 | RSC Adv., 2022, 12, 19350–19358
The entire detection window of the PAMEC with the UO2 WE
can be seen in Fig. S4.†

It is worth noting that the BSE image taken aer 13 hours of
oxidation (Fig. 6c) has more white spot features in the area
(pointed by red arrow) than before electrochemical corrosion
(Fig. 6b). Indeed, aer corrosion, EDS shows a signicant
increase of O intensity compared to Fig. 6d and e, suggesting
the formation of U3O7 or hydrated phases (UO2

2+ / UO3$xH2-
O),20 consistent with the precipitation of a U(VI) phase as
conrmed with XPS (Fig. 5c) and AFM (Fig. 8). To our knowl-
edge, it is the rst study that is able to provide the comparison
of UO2 electrode before and aer corrosion by utilizing in situ
SEM/EDS.

3.4 Structural and morphological analysis

The STEM-HAADF images exhibit bright contrast at the edge of
the specimen indicating surface oxidation. The bright contrast
(higher average atomic number) occurs in UO2+x with intro-
duction of additional oxygen into the uraninite lattice with little
or no volume expansion. The ‘as-prepared’UO2WE (Fig. 7a) and
corroded one from PAMEC-3 (Fig. 6b) were oxidized as manifest
by �10–20 and 50–150 nm thick high contrast layers, respec-
tively. The STEM-HAADF images again exhibit bright contrast
from the insertion of oxygen into the structure but in the
oxidized specimen (UO2 li-out from PAMEC-3), this region is
much thicker. Although the orientations are different in the two
images (the insert colorized images show atoms projected along
the B[110] and B[111] crystal directions), the thick oxide layer
can be clearly seen. The preparation of UO2 li-outs can be
found in Fig. S5.†

3.5 AFM

Previous studies have observed surface roughening around
faceted grain structures and at grain boundaries of electro-
chemically corroded UO2 surfaces.33 Here AFM was employed to
determine morphological changes of UO2 particles aer corro-
sion in the PAMEC.

AFM analysis of the ‘as prepared’ UO2 WE on the substrate
was carried out on dispersed particles to measure individual
particles (see Fig. 8a). ‘As prepared’ UO2 WE particles that were
fabricated as PAMEC-4 were rough and were composed of
aggregates of smaller particles (Fig. 8b and f). Two days aer the
corrosion was completed the identical disperse particle region
was located (Fig. 8c and g). Large masses were observed as
DS and AFM results: (a) attachment of UO2 particles using PVDF/CB on
ic of UO2 particles as prepared on the substrate, (c) anodic oxidation of
(d) surface U(VI) alteration phases that are undergoing dehydration.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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smooth coatings dispersed within and on top of the clustered
particles suggestive of a hydrated phase that adhered to the
surface. Four days aer corrosion these domed features
appeared to have either partially or completely collapsed (see
Fig. 8d and h). A comparison of the identical region two and
four days aer corrosion details this dynamic process. Outlines
of particles and cursor proles (Fig. 8e) highlight the initial
increase (grey line) followed by a decrease in volume (red line).

Based on the combined results of CV, XPS, in situ SEM/EDS
and AFM measurements we observed the following progres-
sional oxidative behavior (see Fig. 9). We observed clear oxida-
tion to U(VI) aer the application of a corrosion potential at 0.5 V
vs. SCE for 13 hours (Fig. 4c), with the appearance of precipi-
tates as shown by in situ SEM (Fig. 6c). The morphologies
changed before and aer drying (Fig. 8), as evidenced by AFM.
This suggests that these could have been hydrated U(VI) alter-
ation phases.

4 Conclusion

We have shown that the cyclic voltammograms obtained with
microgram quantities of UO2 in the PAMEC match the cyclic
voltammogram of those obtained by bulk electrochemical
methods.18–20

Aer applying an electrochemical potential to reduce the
surface and then oxidize the surface, in situ SEM imaging of the
progress of the reaction showed clear evidence of a newly
formed precipitate. PAMEC applied with xed voltage (amper-
ometry) responded to changes in oxidation state of the UO2

working electrode. These changes were conrmed by XPS to be
oxidation of U(IV) to U(VI) through an intermediate U(V) species).
Ex situ STEM-HAADF images clearly showed the oxidation layer
at atomic scale. These changes were conrmed by XPS to be
oxidation of U(IV) to U(VI) through an intermediate U(V) species.
Further, AFM characterization revealed smooth rounded
features that disappeared over time, suggesting that these could
have been hydrated U(VI) alteration phases that eventually
underwent dehydration when exposed to atmosphere. Indeed, it
is well known that the loss of structural water from the inter-
layers of the uranyl oxide phases, such as schoepite, results in
the progressive modication of the phase.34–36

In summary, PAMEC enables studying redox active
hazardous materials at the microscale, which will greatly reduce
the cost and risk. In particular, the results demonstrate the
utility of this approach for studying the redox properties of
microgram quantities of both fresh and spent nuclear fuels,
with the promise of providing much needed data on the
behavior of SNF in geological repository environments in an
efficient way.

Author contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the nal version of
the manuscript. Electrochemical experiments and PVDF/CB
modication by JY, XPS analysis and interpretation by NL and
ESI, microscopy analysis JY, ST, SLR, and ECB, manuscript
© 2022 The Author(s). Published by the Royal Society of Chemistry
review and revision by SC. All authors contributed to writing the
manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors thank Dr Wes Lawrence, Dr Mark Nutt, Ms Wendy
Erikson, Pacic Northwest National Laboratory (PNNL) for
programmatic oversight. This work was supported by the DOE-
NE (Nuclear Energy) Spent Fuel and Waste Science and Tech-
nology (SFWST) Campaign. UO2 materials were supplied by Dr
Dallas Reilly. Mr Kyle Maloy and Mr Alan Cantrell provided
radiological support. Dr Prasad Nair (DOE NE-81) and Dr Carlos
Jove-Colon (Sandia National Laboratory) are thanked for tech-
nical discussions. Work was conducted at the PNNL Radio-
chemical Microscopy Q-suite. PNNL is operated by Battelle
under contract DE-AC05-76RL01830.
References

1 J. Bruno, E. Cera, L. Duro, T. E. Eriksen and L. O. Werme, J.
Nucl. Mater., 1996, 238, 110–120.

2 J. Bruno and R. C. Ewing, Elements, 2006, 2, 343–349.
3 R. C. Ewing, Nat. Mater., 2015, 14, 252–257.
4 L. Wu and D. W. Shoesmith, Electrochim. Acta, 2014, 137, 83–
90.
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