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UO,%* binds to the surface of a tripolyphosphate modified mesoporous indium tin-doped oxide electrode (nanolTO|P3).
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Electrochemical studies reveal that nITO|P; electrodes catalyze the 2-electron interconversion between UO,?* and U** with

the Ps-ligand assisting in the rate-limiting proton-coupled reduction of U(V) to U(IV), based on the kinetic isotope effect (1.8).

Product composition between nITO|P3(U%) and surface adsorbed UO, can be controled by adjusting the proton

concentration and/or scan rate in voltammograms. These studies with uranium suggest that nITO|P; electrodes are good

candidates for redox transformations with other actinides including neptunium, plutonium, and americium.

In acidic solutions, the most stable form of uranium is UO,2*.
This linear di-cation features hexavalent uranium and uranyl-
oxygen bonds which are formally triple bonds.! These strong
bonds make it a challenge to labilize the oxygen atoms. The 1-
electron reduction of UO,%* produces UO,*, which can
disproportionate to form U* and UO,%** (Scheme 1).2
Stabilization of the pentavalent species can be enhanced
through cation-cation interactions including the formation of
U0,2*--U0,* associated complexes.> Further proton-coupled
reduction to the tetravalent state involves destruction of the
uranyl cation.

Scheme 1. Latimer diagrams of U and Am in 1 M acid. Potentials are
in Vvs. SHE.
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The linear actinyl cation (AnO,"*, n = 1 or 2) is featured for other
penta- and hexavalent actinides found in used nuclear fuel
including Np, Pu, and Am. Reprocessing used nuclear material
including actinides requires precise oxidation state control.?
While U, Np, and Pu oxidation states can be adjusted and
maintained with various chemical oxidants or reductants
(including U(IV)). Am exists as Am(lll) and is a challenge to
oxidize to the hexavalent state given the high Am(IV/Ill)
potential (2.62 V vs. SHE).> Reprocessing Am with the other
actinyl species would decrease fuel cycle costs and increase
storage and disposition options.® Concentrated phosphoric acid
solutions have been used to generate Am(IV), and feature
stable Am(IV) phosphate complexes.” The solubility of these
same complexes is low hindering solution studies, while
coordination site saturation inhibits the formation of actinyl
species. Further oxidation in acidic media to AmO,* or AmO,2*
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is also a challenge because of the proton-coupled electron
transfer (PCET) required to form the americyl cation. Ligands
can be used to facilitate these redox events,® and using the
principle of microscopic reversibility, a ligand able to labilize the
An—O0O,, bonds will also be able to facilitate their formation. Our
work in actinide redox chemistry has included the development
of ligand modified electrodes (LMEs). These include a
mesoporous thin film of a conductive metal oxide such as
indium tin-doped oxide (ITO) surface functionalized with a
ligand capable of binding actinides.® LMEs with N-donor ligands
have yet to quantitatively oxidize Am(lll) to Am(VI), and result
in a mixture of Am(V) and Am(VI).1® While Am(V) is a weaker
oxidant than Am(1V), slow sequential electron transfer hinders
further To that end, we have prepared a
tripolyphosphate functionalized electrode (nITO|Ps) (Figure 1),
which can perform the 2-electron reduction of UO,%* to U**and
UO, with minimal UO,* generated as an intermediate at
potentials as mild as -0.25 V in 0.1 M HCIO4. These surrogate
studies provide evidence that our nITO| P; electrodes will act as

oxidation.

good electrocatalysts for the oxidation of Am(lll) to Am(VI).
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Figure 1. Structure of tripolyphosphate (P3), and depiction of the
binding of UO,?* at a nITO|P; electrode.

Except for uranyl acetate and uranyl nitrate, which contained
depleted uranium, and were donated by FIU Environmental
Health and Safety from an existing stockpile, all chemicals and
solvents were purchased as reagent grade or better from Fisher
Scientific and used as received. Fluorine-doped tin oxide (FTO)
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sputtered coated glass was purchased from Hartford Glass, Inc.
nlTO electrodes were fabricated according to published
procedures.'” nITO|P; electrodes were prepared by soaking a
nITO electrode in a 2 mM solution of sodium tripolyphosphate
for 24 h and then rinsed with fresh 0.1 M HCIO, before use.
Instrument details are included in the
information.

X-ray photoelectron (XPS) spectra confirm the tripolyphosphate
ligand (Ps) at the surface of nITO|P3 electrodes (Figure S6) with
a P 2p signal at 133.7 eV. Cyclic voltammograms (CVs) of 1 mM
UO,%*in 0.1 M HCIO, at a bare nITO and a nITO| P; electrode are
shown in Figure 2. At the bare nITO electrode, a single U(VI)
reduction is observed at -0.25 V vs. SCE, with a corresponding
oxidation event at -0.14 V. This couple is ascribed to the
diffusion-limited U(VI/V) redox couple (Figure S11). At
potentials beyond the UO,2* reduction peak, further reduction
of UO,%* occurs with possible slow proton reduction. The weak
broad oxidation event at ca. 0.4 V is attributed to the oxidation
of U(IV) oxides (mainly UO, though it may include U(IV)
hydroxides). This assignment is consistent with bulk electrolysis
of a 1 mM UQO,?* solution in 0.1 M HCIO, using a bare nITO
electrode with an applied potential of -0.40 V for 18 h (Figure
S12). The first scan of the bare nITO electrode in fresh 0.1 M
HCIO, after electrolysis features a broad oxidation at ~0.45 V
that becomes negligible after the first scan, while the reduction
of UO,2* is subsequently observed at -0.25 V. The presence of
uranium oxide at the surface is confirmed by XPS with the
inclusion of U 4f signals at 383.05 eV (Figure S2 and S7).1* The
oxide layer formed during electrolysis is weakly adsorbed to the
surface and is stripped from the surface upon oxidation.
Oxidation of U(V) is not observed for the first scan but is after

subsequent scans (vide infra).
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Figure 2. CVs at 50 mV/s starting at 1.2 V of 1 mM UO,?* at bare nITO
electrode (black) and nITO|P; electrode (red) in 0.1 M HCIOj,.
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CVs of a nITO|P; electrode in 0.1 M HCIO4 with 1 mM UO,?*,
feature a current enhancement of the UO,2* reduction at -0.25
V, a weak UO,* oxidation at -0.14 V, and two significant and
broad oxidation events at +0.45 V and +0.80 V assigned to the
oxidation of UO, and U** respectively (Figure 2).22 These redox
events are diffusion-limited due to free dissociation of uranium
(Figure S13).13 The oxidation of UO,* is observed from the
stabilization imparted by the formation of cation-cation
interaction species including UO,2*---UO,* (Figure S14). Scan
rate dependent linear sweep voltammetry studies in 0.1 M
HClO,4 show that the composition of U(IV) as U* and UO, varies
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as a function of scan rate (Figure S15). At slow scan rates, UO,
is favoured, since the U** generated has more time to hydrolyze
to UO,. At faster scan rates, the proportion of U* relative to
UO, increases to a point where it becomes independent of scan
rate.
Controlled potential electrolysis of a 0.1 M HCIO,4 solution with
10 mM UO,%* at -0.40 V with a nITO|P; electrode in a 2-
compartment cell with concurrent spectroscopic monitoring
features the generation of U%* with a Faradaic efficiency of 88 %
and a first-order rate constant for the appearance of U*" of
5.4x103 min? (Figure S17). This is superior to a bare nITO
electrode under the same conditions which has a Faradaic
efficiency of 68 % and a first-order rate constant for U%
appearance of 2.8x103 min-! (Figure S16).
Soaking a nITO|P; electrode in a 1 mM UQ,?* solution of 0.1 M
HCIO,4 for 10 min followed by rinsing 3-times with fresh 0.1 M
HCIO, reveals that UO,?* is bound to the tripolyphosphate
ligand with a surface coverage of 8.5 nmol/cm? (Figure S19).
Surface coverage was determined using eq. 1, where T is the
surface coverage in mol/cm?, Q is the charge passed during the
oxidation at +0.97 V, n is the number of electrons transferred
(2.0), Fis the Faraday constant (96,485 C/mol), and A is the area
of the electrode (1.00 cm?). Negligible UO,%* binding to bare
nITO is observed.

I'=Q/nFA (1)
XPS of nITO|P; soaked in UO,2* confirms U(VI) at the surface
with U 4f signals at 382.45 eV (Figure S8).1! The relative atomic
ratio between uranium and phosphorous at the surface
measured by XPS is 1:3, or one uranium atom per P3 ligand
(Table S4). UO,%* dissociates from the nITO|P; electrodes in
fresh 0.1 M HCIO, solutions with a first order rate constant of
9.7x10* 51, while U** dissociates with a rate constant of 11x10*
s1 (Figures S20-22). Scan rate dependent studies of freshly
UO,%* loaded nITO|P; electrodes show a linear dependence
between the peak current associated with UO,2* reduction and
scan rate, highlighting the surface nature of the reduction event
(Figure S23). Soaking a nITO|P3 electrode in a 1 mM solution of
electrochemically generated U*" in 0.1 M HCIO,, results in
binding of U%* to the nITO|P3 electrode with the same surface
coverage as with UO,2* (Figure 3).1* Starting from 0 V with an
anodic scan direction, the CV of the U* soaked nITO|P3
electrode in fresh 0.1 M HCIO, after rinsing first features the 2-
electron oxidation of bound U* to UO,?* at +0.97 V, with no
evidence of UO,* (vide infra). A single reduction at -0.25 V is
attributed to the re-reduction of the P3-bound
electrochemically generated UO,?* (Figure S24). The XPS
spectra of the U** soaked nITO Ps electrode features U 4f signals
at 383.05 eV (Figure S9), a 0.60 eV shift to higher energy relative
to the UO,?* soaked nITO|P; electrode, and is indicative of
tetravalent uranium.1?

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. CV at 50mV/s starting at 0 V of nITO|P; electrode in 0.1 M
HClO, after soaking in 1 mM U#* for 10 min.

The absence of additional UO,2* in solution prevents the
formation of a UO,2*--UO,* cation-cation interactions and
explains the absence of a UO,* oxidation. The large separation
between the U** oxidation and UO,2* reduction (AE = 1.22 V)
highlights the challenges associated with the reversible
formation and destruction of the uranyl structure. Successive
cycling of uranium-soaked nITO|P; electrodes in fresh 0.1 M
HCIO, results in a minor reductive shoulder at ~+0.3 V which is
indicative of a minor amount of UO,* generated from the
oxidation of U%*. This assighment was confirmed by performing
partial bulk reduction of a 1 mM UO,2* solution at -0.2 V in 0.1
M HCIO4 with a Pt coil electrode to generate a solution that
includes UO,%*, U** and UO,* (Figure S25). CVs of the resultant
solution feature a more prominent UO,* reduction to U(IV) at
+0.26 V (Figure 4). Square-wave voltammetry of this partially
reduced solution more clearly shows the reduction of U(V)
(Figure S26).

1.5 1 Catalytic: UO,%* + 2e—U0,, UO,2* +2e” +4H* —U*" + 2H,0
1.0 ] T
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Figure 4. CV starting at 1.5 V of nITO|P; electrode in 0.1 M HCIO,4
acquired at 50 mV/s in a 1 mM U solution containing UO,%*, UO,*,
and U* from reduction at -0.20 V (Figure S15).

To understand the effect proton concentration has on the
electrochemical behaviour of uranium at nlTO|P; electrodes,
the proton concentration was varied. In 3 M HCIO,, at bare nITO
with 1 mM UO,2*, an increase in reductive current with E <-0.1
V is observed with a possible UO,* re-oxidation at-0.05 V (Figure
S27). This behaviour is similar to what has been reported at a Pt
electrode in 0.1 M HCIO,.12 1> With a nITO|P; electrode, a peak
for the UO,2* reduction to U% is observed at -0.19 V, while again
a minor UO,* oxidation is observed at +0.05 V. In contrast to
studies in 0.1 M HCIO,, in 3 M HCIO,, UO, oxidation is not
observed, and solely oxidation of U** is observed (Eo, = 1.10 V).12
Adjusting the CV windows of nITO|P; electrodes soaked in 1
mM UO,2* for 10 min highlights features of the electrochemical

This journal is © The Royal Society of Chemistry 20xx
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behaviour of uranium in 3 M acid at nITO|P; (Figure S28).
Cycling between 0V and 1.4V do not feature any U-based redox
events since only U(VI) is bound to the P; ligand (Figure S29).
Performing a full CV scan starting at 1.4 V to -0.4 V and ending
at 0.6 V features a prominent UO,%* reduction at -0.25 V. This
feature is less intense on a subsequent cycle which scans
between +0.6 V and -0.4 V. This is because the U** formed from
the previous full scan was not re-oxidized and now occupies
some of the spaces on the P; ligand, and therefore less UO,?*
present. A final full scan reproduces the previous full scan with
a full intensity UO,%* reduction event. These multiple cycles
confirm that U** binds to P; even at these high acidity solutions.
Varying the proton concentration from 0.1 M to 3 M using a
constant ionic strength of 3 M through the addition of NaClO4
highlights the proton dependence of the observed U-based
redox couples using nITO|P3 in the presence of 1 mM UO,%*
(Figure S31) and after soaking in 1 mM UO,?* for 10 min (Figure
S32). The reduction ascribed to eq. 5 at nITO|P; is expected to
have a pH dependent slope of -118 mV/pH unit if it adheres to
the Nernst equation (eqg. 2).

Rt [Red] Ny +
E = E°— in {55 —0.059 ~—pH (2)
Uos* +1e™-U05 (3)
UOF +1le™ +4H " >U*T + 2H,0 (4)
UO3™ +2e~ +4H T ->U** + 2H,0 (5)
U*t + 2H,0-U05 +1e™ +4H™ (6)
Uo3 -UO05% + le~ (7)
U*t 4+ 2H,0-U03% +2e~ +4H* (8)

Assuming that the proton activity is equal to its concentration,
the pH dependence of nITO|P; electrodes soaked in UO,2* have
a slope of -88 mV/pH unit, which suggests an electron-proton
ratio between 1:1 and 1:2 and indicates that both the 1-electron
(eqg. 3 and 4) and 2-electron (eq. 5) reductions of UO,Z* are
occurring. The oxidation event which we ascribed to the
oxidation of U** to UO,2* has a pH dependent slope of -102
mV/pH at nITO| Pz and is within expectations to assign the peak
to the 2-electron oxidation of nITO|P3; bound U* to bound
U0,%*(eq. 8). The oxidation of UO,* (eq. 7) observed in solutions
containing UO,%* is independent of proton concentration (as
expected).

The shape of the catalytic UO,2* reduction at nITO|P; makes it
possible to perform the foot-of-the-wave analysis (FOTW
analysis) developed by Savéant and co-workers to determine
the related catalytic rate constants.1® This includes using eq. 9
and eq. 10 to derive eq. 11 for our heterogenous system. In eq.
9-11, i is the experimentally measured current during catalysis,
ip is the current associated with the reduction of the substrate
in the absence of the catalyst, T is the surface coverage of P3
bound UO,2*, F is the Faraday constant, R is the ideal gas
constant, T is the temperature, A is the electrode area, E is the
applied potential, E° is the reduction potential for UO,2*, v is the
scan rate, and kg is the observed rate constant associated with
the catalytic process.

FA’T
Ip = 4Rt (9)
) 2FAT
i=——7 7 kobs (10)

N 1+ exp [%(E—E")]
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i 8RT

b Fv{l + exp [%(E — E”)]}

kobs (11)

In 0.1 M HCIO,, kops for the reduction of UO,2* at nITO|P5 can be
determined from the slope of the rising region of eq. 5 where
interferences from catalyst inhibition from bound U*" are
minimized. Varying the concentration of UO,2* from 0.01 mM
to 0.5 mM (Figure S33), we observe a linear increase in Kgps
(Figure 5) from 1 s to 5 s1. The H/D kinetic isotope effect (KIE)
for UO,%* reduction at nITO|P; was determined by comparing
the kops value determined from FOTW analysis in 0.1 M HCIO,
and DCIO, (Figure S34). A KIE value of 1.8 from these
experiments indicates the rate limiting step in the reduction of
UO,2* at nITO|P; involves proton transfer. This is consistent
with expectations of a fast reduction of UO,2* to UO,* followed
by a rate limiting reduction of UO,* to U** (eq. 12 and 13). The
Ps ligand is clearly involved in this rate limiting step as no
catalysis is observed at bare nITO.

nITO|P3(U0%*) +1e ~—>nITO|P3(UO5 )  (fast) (12)

5
51— 0otmm uo,*

—— 0.05 mM UO,%*
—— 0.10 mM UO,%*
—— 030 mM UO,%*
—— 0,50 mM U0,2*

N w &

kobs (57)

o
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.1 0.2 0.3 04 05 0.6

1{1+exp(F(E-EO)RT)) [U022*] (mM)
nITO|P3(U0F) + 1e~ 4+ 4H " »nITO|P5(U**) + 2H,0
(13)

Figure 5. FOTW analysis of the reduction of UO,%* at a nITO|P;
electrode in 0.1 M HCIOQ,. First order rate constants (ko) values were
determined from slopes of the rising region.

(slow)

In summary, nITO| Pz electrodes effectively facilitate both the 2-
electron reduction of UO,%* and the 2-electron oxidation of U%*
in acidic solutions and feature good chemical reversibility in
these conditions. The rate-determining step in the
decomposition or formation of the uranyl cation involves PCET.
FOTW analysis for the reduction of UO,?* indicates it is first
order in uranyl concentration. Given that reduction of UO,%* to
U(IV) is observed at nITO|P; electrodes at proton
concentrations up to 3 M, while this is not observed at bare
nITO or nITO| PO, (Figure S20), it can be concluded that the P;
ligand is involved in this critical PCET event. The redox
behaviours of uranium uncovered here provide a reference for
the redox behaviour of transuranic elements with a special
interest in Am(Ill) which may feature electrocatalytic oxidation
to AmO,* or AmO,%*, especially in concentrated acid solutions
where AmO,* can disproportionate to form AmO,%*.
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