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The electrodeposition of transition metal nanoparticles (NPs) enables the formation of structures with complex
surface chemistry and enhanced catalytic properties. However, their electrocatalytic behavior can differ signif-
icantly from that of NPs synthesized by other methods, due to the formation of defect oxides, hydroxides, and

:ﬁ’:cctlrico:?;dation of uric acid distinct interactions with molecular oxygen. This study investigates the role of uric acid (UA) polarizability
Oxygen during complexation with catalytic centers of electrodeposited copper (Cu-NPs) and nickel (Ni-NPs) nano-

particles both containing surface defect oxides and the influence of molecular oxygen on UA detection under
alkaline conditions. The results show that although Cu-NPs exhibit higher sensitivity toward UA, this is
accompanied by reduced specificity due to side interactions with oxygen. In contrast, Ni-NPs enhance UA
polarizability without engaging in oxygen interactions, leading to more specific UA electrooxidation. These
findings offer insight into the design of electrodeposited electrocatalysts with tailored specificity for UA

detection.

1. Introduction

The role of electrodeposition of transition metals on properties of
nanostructured catalysts has been summarized with a focus on fuel cells,
water splitting, and carbon dioxide electroreduction applications [1-3].
The preparation of catalysts through electrodeposition offers numerous
advantages, including the controlled formation of a catalytic layer by
adjusting electrodeposition parameters (such as current, time, and layer
thickness), strong binding between the electrocatalyst and electrode,
simplicity in operation, the ability to form not only continuous layers
but also nanoparticulate films with tunable surface chemistry and
properties [4-6]. Additionally, electrodeposited nanoparticles (NPs) of
transition metals can be produced in both, e.g., highly monodisperse and
polydisperse state [7], exhibit enhanced electroanalytical performance
in oxygen reduction and hydrogen evolution reactions [3,8], as well as
improved electrocatalytic stability and limited aggregation [9].

It is believed that the advanced electrochemical properties of elec-
trodeposited NPs of transition metals may be linked to their numerous

structural defects [10], which influence their catalytic activity and,
consequently, their electroanalytical performance [11].

Cation and oxygen vacancies have been reported as types of struc-
tural defects present in electrodeposited NPs [12-14]. Notably, altering
the type, amount and ratio of defect oxides in electrodeposited NPs can
induce structural rearrangements in the crystals, create new active sites,
promote the adsorption of catalytic reaction intermediates, and thus
affect the kinetics of RedOx reactions [15,16].

Recently, it has been shown that electrodeposited copper nano-
particles (Cu-NPs), in the presence of molecular oxygen, exhibit copper
(ID-induced oxidation (catalytic effect) in RedOx reactions with uric
acid (UA) [17]. More importantly, it was demonstrated that the increase
of defect oxides and Cu®/Cu®*catalytic centers after heating of elec-
trodes at 70 °C for 30 min leads to an increase of [Cut(UA)] and
[Cu2+(UA')n] complexes, which are responsible for the specific UA
determination in complex fermentation media [17]. In other words, the
presence of defect oxides on the surface of electrodeposited Cu-NPs can
ultimately influence the reaction pathways with the target analyte, such
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as UA.

UA - is an important physiological biomarker, and its non-enzymatic
analysis in real samples (e.g., fermentation samples, human urine, etc.)
with high specificity is an actual electroanalytical task. However, to the
best of our knowledge, only a few studies have been conducted on the
development of specific non-enzymatic electrochemical sensors for UA
determination in the presence of interfering electroactive species.

Most of the proposed sensing layer designs for UA determination rely
on the use of oxides of lanthanides and transmission metals, for example,
gadolinium oxide, Gd203 [18], copper oxide, CuO [19], or cobalt oxide,
Co304 [20]. Although the importance of electrodeposited defect oxides
in the specificity of UA analysis was recently highlighted [17], the
reasons why electrodes based on defect oxides of transition metals, even
those of similar nature, may exhibit different specificities in the same
RedOx reactions remain unclear.

In this study, the specificity of electrooxidation of uric acid (UA) on
the surface of electrodes modified with electrodeposited NPs (copper,
Cu-NPs, and nickel, Ni-NPs, as case study) was investigated both in the
presence and absence of oxygen. Briefly, the specificity of electrodes
tends to depend on the polarization ability of UA in the presence of
catalytic centres (Cu™, Cu®*, Ni%*, Ni®*) represented by defect oxides of
electrodeposited NPs (i) and the adsorption of molecular oxygen (ii).
More significantly, different interaction behaviour of molecular oxygen
was observed depending on the surface chemistry of electrodeposited
NPs (iii). At the same time, different interaction between molecular
oxygen and surface chemistry of electrodeposited NPs affected the type
of reaction products formed during electrooxidation of UA in alkaline
solutions (iv).

A deeper understanding of the impact of surface chemistry of elec-
trodeposited NPs on their electrocatalytic properties could lead to sig-
nificant advances in electrochemical sensors e.g., creating electrodes
with tailored functionality and specificity in the future.

2. Experimental part
2.1. Chemicals and materials

CuSOy4, NiSQy, uric acid (UA), KOH, ascorbic acid, ethanol (EtOH),
glycerol, ethylamine, ethanol amine, urea, hydrazine solution ((N2H4),
35 wt. % in Hy0), Pd wire (99.99 %) used as an anode, HCIO4, (PbNO3),,
derivatization agent N-Trimethylsilyl-N-methyl trifluoroacetamide
(MSTFA), n-hexane were obtained from Merck (Darmstadt, Germany).
Oxygen-free standard solution (OXCAL for deoxygenation, 0 % O2) was
received from (Pyro Science GmbH, Aachen, Germany).

Screen printed electrodes (SPEs) produced on ceramic substrates and
modified by graphene oxide (DPR-110RGPHOX) were purchased from
DropSens (Metrohm, Germany). For buffer, stock and standard solutions
preparation, de-ionized water (DI) generated by an Elga PureLab (Celle,
Germany) water purification system was used.

2.2. Preparation of electrodes modified with electrodeposited NPs

To systemize the influence of defect oxides, present on the surface of
electrodeposited NPs on the specificity of UA electrooxidation, it is
necessary to synthesize NPs with similar physicochemical properties (e.
g, Ni-NPs and Cu-NPs) and compare their performance.

For this goal, Cu-NPs were electrodeposited onto the surface of SPEs
from 30 mM CuSOy4 solution at —0.5 mA for 30 s. Briefly, 10 pL of the
CuSOy electrolyte was placed on the working electrode of the SPE, fol-
lowed by cathodic electrodeposition. A Pd-wire was used as the anode.
To increase the electrode area covered with electrodeposited NPs, the
procedure was repeated three times, each time with a fresh droplet of
electrolyte. The resulting electrodes were used without any additional
pre-treatment steps.

The same electrodeposition protocol was used to prepare Ni-NPs. To
this end, 30 mM NiSO4 electrolyte was used. After the Cu-NPs and Ni-
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NPs layers were formed, the electrodes were carefully washed with DI-
water, dried and stored under ambient conditions.

2.3. Electrochemical studies

The produced electrodes were tested in cyclic voltammetry (CV) at a
scan rate of 50 mV/s, spanning a potential range from —0.4 V to 0.4 V,
on a one-channel PalmSens4 potentiostat (PalmSens, Utrecht, The
Netherlands). For this goal, 150 pL of either background electrolyte or
model UA solution was dropped onto the surface of all three electrodes
(counter, reference, and working electrodes). The specificity of elec-
trodes modified with Cu-NPs or Ni-NPs was assessed in amperometric
(AM) mode at 0.22 V and 0.15 V vs. silver oxide electrodes, respectively.

Electrodes modified with electrodeposited NPs were calibrated in
multi-step amperometric mode (MAM) [21]. Calibration was performed
using external standards at alkaline pH. The pH of background elec-
trolytes, stocks, and calibrants was monitored with a Horiba LAQUAt-
win pH meter (pH-22) (Neomeris, France).

2.4. Evaluation of electroactive surface area (ECSA) of electrodes with
electrodeposited NPs

To estimate the ECSA of electrodes modified with electrodeposited

Cu-NPs, the earlier reported protocol using 0.01 M HCIO4 and 1 mM
PbCl, electrolyte was applied [22]. The experiments were conducted
under an argon atmosphere. The lead desorption peak charge (from
(PbNO3), solution in HCIO4) was used to determine the surface area of
Cu-NPs. The ECSA of Cu-NPs, defined at E=-0.36 V, was 0.02140.003
cm?,
The ECSA evaluation of Ni-NPs deposited on the surface of SPEs was
conducted according to protocol reported in [23], based on the Ni(OH),
oxidation peak at alkaline pH. The calculated ECSA of Ni-NPs was 0.12
40.03 cm?.

2.5. Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) studies

The morphology of Cu-NPs and Ni-NPs electrodeposited on the sur-
face of SPEs was studied using an FEI Quanta 250 FEG SEM (FEI Com-
pany, USA) operated at 10 kV in high vacuum.

SEM/EDX analysis was performed using a JEOL JSM-6460LV and an
Oxford INCA 4.13 X-Ray spectrometer at 15 kV accelerating voltage in
high vacuum.

2.6. Atomic force microscopy (AFM)

To access the surface texture of ED NPs, AFM investigations of the
formed electrodes modified with Cu-NPs and Ni-NPs, were conducted on
a PARK NX 10 AFM system (Park Systems, South Korea). All measure-
ments were performed in non-contact scanning mode under ambient
conditions. Mounted AFM ACTA (NCHR) probes compatible with Park
NX 10 were purchased from Schaefer Technologie GmbH (Germany).

Images were recorded with a scan size of 5 ym x 5 pm and with a
resolution of 512 pxl x 512 pxl. Average roughness (Ra) and surface root
mean square roughness (Rq) values were extracted from three AFM
images for each sample using the Gwyddion image processing software
(http://gwyddion.net/) and calculated as the mean roughness + stan-
dard deviation.

2.7. RAMAN spectroscopy characterization of the surface of
electrodeposited NPs

To analyze the surface chemistry of the electrodeposited NPs,
RAMAN spectroscopy was performed using a LabRAM HR Evolution
HORIBA equipped with a 633 nm He-Ne laser (Melles Griot, IDEX Optics
and Photonics, Albuquerque, NM, USA). The G-band of the carbon
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Fig. 1. SEM (A,B) and AFM (C,D) images of electrodes modified with electrodeposited Cu-NPs (A,C) and Ni-NPs (B,D).

template (material of the working electrode of the SPEs, graphene oxide)
was used for scaling of the signal intensities.

2.8. Oxygen mini-sensor studies

To reveal the impact of dissolved oxygen content (umol-L!) on the
results of UA electrooxidation, an OXR430 optical needle oxygen mini-
sensor (PyroScience GmbH, Aachen, Germany) was used. The signal
read-outs were taken under ambient conditions (21 % or 270 umol/L
dissolved oxygen) in a 150 uL droplet of test solution placed on the
surface of SPEs modified with electrodeposited NPs, while simulta-
neously starting CV.

To model an oxygen-free environment (0 % or 0 umol/L dissolved
oxygen content), UA test solutions were prepared in OXCAL for deoxy-
genation maintaining an alkaline pH of 9.0 £ 0.2. The results obtained
in this oxygen-free environment were compared to those recorded for
solutions prepared in the background electrolyte (21 % or 270 umol/L)
and tested under ambient conditions.

2.9. Computational modeling

The calculations were performed using Gaussian09 program with the
B3LYP/6-311 + G (d,p) method for all atoms. The role of a solvent
(water) was counted by PCM. Although, according to the literature, UA
exists in solution up to pH 9.8 in a form of a mono-anion [24], in some
cases, at alkaline pH, the elongation of the C = N bond may cause the
mono-anion to become thermodynamically unstable [25]. Therefore, in
our calculations, we considered both forms UA, e.g., the mono- and
di-anions.

The change in the total charge on the atoms of mono- and di-anions
of UA upon the simultaneous attachment of molecular oxygen and metal
atoms (or ions) was also examined by analyzing the atomic charges
using the Malliken method. The calculation was performed using the

previously proposed methodology [26].

2.10. Gas chromatography mass spectrometry (GC-MS)

To compare the end-products formed during the electrooxidation of
UA on the surface of electrodeposited Cu-NPs and Ni-NPs, GC-MS
analysis was performed. For this goal, a 150 L droplet of 2 mM UA (pH
9.0 + 0.2) was placed on Cu-NPs and Ni-NPs modified electrodes, fol-
lowed by microelectrolysis conducted at 0.2 V for 3600 s. The aqueous
phase of the collected droplets was then evaporated under a nitrogen
atmosphere, and derivatization was carried out using 60 uL of MSTFA
reagent. The resulting suspension was heated at 60 °C for 30 min.
Finally, the samples were diluted in a ratio of 1:10 with n-hexane and
injected into the GC-MS system (LECO Pegasus HT-C, Agilent).

To identify the characteristic peaks associated with the electro-
catalytic oxidation products of UA, a blank reference sample containing
2 mM UA (not exposed to the electrodes) was subjected to the same pre-
treatment protocol.

Chromatographic separation was performed using a Phenomenex
Zebron ZB-35HT column (30 m x 0.25 mm, film thickness 0.25 pm) with
the following temperature gradient: starting temperature was 50 °C held
for 5 min, raised to 340 °C held for 15 min. Ionization was carried out at
70 eV (electron impact, EI), and mass spectra were recorded in the m/z
range of 40 — 400.

3. Results and discussion

3.1. Characterization of electrodes modified with electrodeposited Cu-NPs
and Ni-NPs

The specificity of catalytic electrooxidation refers to a catalyst’s
ability to selectively oxidize a target analyte or chemical species, as
opposed to other electroactive molecules. Importantly, at the



E.V. Butyrskaya et al.

Table 1
Summary of RAMAN characteristic bands obtained from the studied electrodes
modified with electrodeposited Cu-NPs and Ni-NPs.
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Table 2
Electroanalytical performance of electrodes with electrodeposited NPs in model
UA solutions at pH 9.

Electrodeposited NPs Characteristic peaks, cm™* Corresponding form

Cu-NPs 87, 145, 221, 417, 528 Cu0
(Cuz0x (x < 1)) 296, 347, 396, 612 CuO
195, 221, 483, 579, 633 Cuy03
Ni-NPs 294/325, 450,770, 850-853 v-NiOOH
(NiOy) 450, 540, 580-589 Ni-O

560, 610-611, 667 NiOOH

* for data interpretation and validation following literature was used (for Cu-
oxides) and (for Ni-oxides) [32-38].

maintained constant electrochemical operation conditions namely the
design, viz. the structure and surface composition of the electrode
determine its electrocatalytic activity and specificity of electrocatalysis.

SEM analysis of the surface of electrodeposited copper and nickel
layers, prepared using the same electrodeposition protocol (see Experi-
ment), revealed their similar morphology (Fig. 1A,B). Electrodeposited
metallic nanoparticles (NPs) appeared as high-contrast whitish spots
distributed across the surface of the graphene oxide (Fig. 1A,B). The size
of the electrodeposited NPs ranged from 30 to 50 nm (ESI, Fig S1).

EDX analysis confirmed the presence of copper and nickel on the
surface of SPEs formed during electrodeposition, ESI, Fig. S2. Despite
having a very similar surface morphology at first glance, as observed via
SEM (Fig. 1A,B), the topography of Cu-NPs and Ni-NPs slightly differed
(Fig. 1C,D). Specifically, the mean roughness values extracted from the
AFM topography data for Ni-NPs were nearly twice as high compared to
Cu-NPs, ESI, Fig. S3. This trend was consistent with the ECSA of the
electrodes, which was 0.021+0.003 cm? for Cu-NPs and 0.1240.03 cm?
for Ni-NPs.

Nanoparticles (NPs) of transition metals produced via electrodepo-
sition have been reported to exhibit various defect structures, such as
non-stoichiometric oxides. These defects play a crucial role in enhancing
the electrochemical activity of the NPs. Therefore, to investigate the
surface chemistry of the electrodeposited Cu-NPs and Ni-NPs, and to
confirm the presence of surface defects, particularly non-stoichiometric
oxides, RAMAN spectroscopy was employed [5,17]. RAMAN in-
vestigations of the synthesized NPs confirmed that electrodeposition
was accompanied by the formation of non-stoichiometric defect oxides
of copper and nickel, Table 1 (see also ESI, Fig. S4). The
non-stoichiometric composition of copper [27-31] and nickel [32-38]
with oxygen results in lattice and/or surface defects.

In most defect metal oxides, metal ions exist in an ionic state,
meaning they are positively charged cations (metal ions) and negatively
charged oxide anions, held together by electrostatic force. In terms of
electrocatalysis, the presence of defect oxides on the surface of elec-
trodeposited nanoparticles (NPs) and the appearance of new catalytic
centres can alter their interaction with a target analyte and oxygen,
compared to pathways observed for NPs composed solely of atoms. In
other words, the presence of catalytic centres, represented by Cu*, Cu?*,
Ni?*, Ni®* on the surface of electrodeposited Cu-NPs and Ni-NPs, can be
expected.

Notably, in addition to defect oxides, the surface of Ni-NPs also
contained hydroxides (Table 1), which can significantly influence the
electronic structure of NiO [39,40]. Thus, y-NiOOH, also known as
nickel oxyhydroxide, is a complex nickel oxide with a distinct crystal
structure and specific properties [32-38]. Along with prominent peaks
corresponding to NiO, y-NiOOH, and NiOOH, a weak peak at 665 — 667
cm™!, indicating the presence of defect Ni**, was detected on the surface
of Ni-NPs (ESI, Fig. S4).

In summary, the defect-rich surface chemistry of Ni-NPs, combined
with a more pronounced oxide-to-hydroxide conversion, may enhance
their electrocatalytic activity compared to Cu-NPs (see below).

Electrode  Calibration formula in model R? Sensitivity** LDR, uM
solutions* pA-pM”
1em.2
Cu-NPs y = 0.0064-x + 0.185 0.9965  0.304 0-100
y = 0.0054-x + 0.161 0.9965  0.257 100 -
400
y = 0.0053-x + 0.174 0.9995  0.252 100 -
2000
Ni-NPs y = 0.0046-x + 0.040 0.9995  0.038 0-100
y = 0.0038:-x + 0.188 0.9873  0.031 100 -
400
y = 0.0024-x + 0.434 0.9399 0.020 100 —
2000

x — is given in pM, y — in pA; sensitivity was evaluated in the defined LDR.

3.2. Electroanalytical performance of electrodes modified with
electrodeposited Cu-NPs and Ni-NPs in the electrooxidation reaction of UA

Although the linear dynamic ranges (LDRs) and limits of quantifi-
cation (LOQ) for UA were similar for both electrodes (1.6 uM for Cu-NPs
and 1.7 uM for Ni-NPs), consistent with previous reports (see ESI,
Table S1 [41-48]), an unexpected trend was observed. Despite their
higher surface roughness (ESI, Fig. S3) and enhanced ECSA, the
Ni-NPs-modified electrodes showed lower sensitivity toward UA elec-
trooxidation across all tested concentrations (Table 2). In contrast,
electrodes modified with electrodeposited Cu-NPs, despite having
significantly lower roughness and ESCA (0.0214+0.003 cm? vs. 0.12
40.03 cm? found for Ni-NPs), demonstrated superior sensitivity toward
UA under alkaline conditions, Table 2.

The characteristic shape of the CV plots recorded from both elec-
trodes during the electrooxidation of UA was very similar, with an onset
potential at 0.1 V, Fig. 2A. However, differential currents of the second
cycle of CV revealed that the concentration of oxygen involved in the
electroreduction reaction in the cathodic range was lower for Cu-NPs
compared to the background solution, ESI, Fig. S5. This suggests a
difference in interaction with oxygen on Cu-NPs compared with Ni-NPs
(see Section 3.4).

It is important to note that the improved sensitivity of Cu-NPs-
modified electrodes is primary responsible for the increased current/
signal intensity in UA electrooxidation, but this does not necessarily
correlate with analyte specificity. Therefore, specificity tests were con-
ducted using both types of electrodes. Surprisingly, the electrode
modified with electrodeposited Cu-NPs exhibited a poorer response in
the specificity test conducted in AM mode compared to the Ni-NPs-based
electrode, Fig. 2B

Thus, in addition to the response recorded for UA at an applied po-
tential of 0.2 V, signals corresponding to the electrooxidation of EtOH,
ethanol amine, urea and ascorbic acid were also detected, Fig. 2B, line a.
In other words, in real samples, an additive electrochemical response
towards multiple electroactive species can be expected from the elec-
trode modified with electrodeposited Cu-NPs.

In contrast, the electrode based on electrodeposited Ni-NPs, which
initially exhibited low sensitivity in the electrooxidation reaction with
UA (Table 2), showed exclusive specificity for UA, Fig. 2B, line b. This
phenomenon is hypothesized to stem from differences in the interactions
among UA, molecular oxygen, and the defect oxides present on the
surfaces of Cu-NPs and Ni-NPs (see Section 3.4).

3.3. First-principles calculations

In search of the answer to the improved specificity of Ni-NPs-based
electrodes compared to Cu-NPs analogues in UA electrooxidation re-
actions, the polarizabilities of the monovalent (U1) and divalent (U2)
anions of UA and their complexes with copper and nickel cations/atoms
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Fig. 2. (A) CV plots recorded at 50 mV/s (2" scans shown) at ambient conditions from the electrodes modified with Cu-NPs (a) and Ni-NPs (b). (B) - AM curves
indicating the specificity of tested electrodes: 1 — buffer; 2 — 100 uM UA; 3 — 1 mM UA, 4 - buffer; 5 - 10 mM EtOH; 6 — 10 mM glycerol; 7 — 10 mM ethylamine; 8 — 10
mM ethanol amine; 9 — 1 mM urea; 10 — 100 uM of ascorbic acid. Note: pH of all test solutions was 9 + 0.2.

(Cut, cu?*, Ni2*, Ni®**) were calculated using quantum chemistry
methods. The magnitude of polarizability characterizes the mobility of
the electron cloud in UA. In brief, a higher polarizability enhances the
system’s ability to transfer charge, ie., its tendency to undergo
oxidation.

The optimized structures of mono- and di -charged anions of UA (Ul
and U2) and their corresponding complexes U1M and U2M (where M =
Cu, Cu™, Cu?*, Ni, Ni%*, Ni®**) with lowest energy configurations are
summarized on Fig. 3. The corresponding calculated polarizabilities are
summarized in Table S2, ESI.

It is evident that the formation of complexes between the mono- and
di-anions and metal atoms/ions (Cu, Cu*t, Cu®", Ni, Ni%*, Ni®*) results in
an increase in the system’s polarizability, i.e., enhanced mobility of the
electron cloud, which, in turn, facilitates the subsequent oxidation of U1
and U2. Briefly, for both anions (Ul and U2), polarizability increases
upon complexation with metal species in the following order (ESI,
Table S2):

Ul < UlCut< UlCu?" < UINi®** < UINi?" < UlCu < UINi

U2 < U2Cu*< U2Cu** < U2Ni** < U2Ni?" < U2Cu < U2Ni

The polarizability of complexes formed between the mono- and di-
charged UA anions (U1, U2) and nickel atoms or ions is higher than
that of the free Ul and U2 species. In other words, the mobility of the
electron cloud in these complexes is greater than in the free Ul and U2
systems or analogues with copper.

This result could explain the enhanced specificity of electrodes
modified with Ni-NPs towards UA (Fig. 2B, line b). However, based on
the calculations, enhanced specificity should be expected for the com-
plexes formed between the neutral metal atoms and UA, viz. UlCu,
U1Ni, U2Cu, U2Ni. In other words, specificity should increase as defect
oxides decrease. Yet, our previous study showed that the specificity of
target analyte detection increases with the increase of defect oxides
[17].

This discrepancy suggests that, in addition to polarizability, the
specificity of UA detection on the surface of electrodeposited NPs may
also be influenced by oxygen, either as part of defect oxides or as mo-
lecular oxygen present in the droplet.

In the next step, the change in total charge of the mono- and di-
charged anions of UA (Ul, U2) upon the attachment of molecular
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Fig. 3. The optimized structures of one-charged (U1) and two charged (U2) anions of UA and schematic illustration of their complexes U1M and U2M with atoms and

ions of metals (M = Cu, Cu', Cu®", Ni, Ni®*, Ni®%).

oxygen and metal atoms (ions) to Ul and U2 was calculated, Table S3.
This change characterizes the transfer of electronic density from the
mono- and di-charged anions of UA during the formation of the U10,,
U205 and U10,M, and U20,M complexes, Fig. 4.

Remarkably, that charge transfer from UA during the attachment of
0y and M (M = Cu, Cu*, Cu®", Ni, Ni**, Ni**) was minimal for the
neutral atoms (Ni and Cu), that agrees with the results of a previous
study [17] (no defect oxides < few or no real catalytic centers < limited
formation of complexes with UA under ambient conditions). Regardless
of the UA structure (U1 or U2), the maximal charge transfer during the
attachment of molecular oxygen and M (M = Cu, Cu*, Cu?*, Ni, Ni?*,
Ni*") occurred for copper ions, particularly Cu?*, ESI, Table S3. This
supports the earlier assumption that an increase in polarizability is not
the sole factor enhancing UA oxidation capacity.

The significant difference in values obtained for the catalytic centers
of copper (—0.518 found for U1Cu"0,, —1.228 for U1Cu**0,, —0.698
for U2Cu™0; and —1.537 for U2Cu®"0,) vs nickel (~1.08 for UINi**0,
and —0.972 for U2Ni2+02, ESI, Table S3) suggests different interaction
mechanisms between UA, molecular oxygen and the surface of electro-
deposited Cu-NPs and Ni-NPs, represented by defect oxides (see the next
section).

3.4. Influence of molecular oxygen in electrooxidation of UA by
electrodeposited Cu-NPs and Ni-NPs

It is believed that the oxidation of UA in aqueous solutions begins
with the attachment of oxygen [25]. However, in the present study,
using oxygen mini-sensor, no significant oxygen consumption was
recorded in a droplet of UA at alkaline pH in the absence of electro-
catalysts, ESI, Fig. S6. Thus, no oxygen consumption was observed in a
droplet of UA placed on a Petri dich in the absence of polarization that

suggests that extensive chemical oxidation of UA did not occur under the
conditions used. On the other hand, this allows us to attribute the
observed signal in the anodic range of potentials (Fig. 2A) exclusively to
the electrocatalytic oxidation of UA by electrodeposited Cu-NPs and
Ni-NPs.

Interestingly, in a droplet of UA placed on the surface of the electrode
modified with Ni-NPs and under applied polarization, the oxygen con-
sumption remained at the same level as recorded for an UA droplet
placed on the surface of a Petri dish in the absence of electrocatalysts
and polarization (ESI, Fig. S5). In other words, no oxygen consumption
occurred under applied polarization in a droplet of UA at alkaline pH on
the surface of electrodes modified with electrodeposited Ni-NPs; how-
ever, electrooxidation did occur, see Fig. 2. Based on this, it can be
assumed that the electrodeposited Ni-NPs electrocatalyst does not
require an oxygen supply for efficient UA electrooxidation at alkaline
pH.

In contrast, significantly greater oxygen consumption was recorded
under the applied polarization in a droplet of UA placed on the surface of
the electrode modified with Cu-NPs. This observation suggests that: (i)
molecular oxygen is more likely involved in the oxidation of UA on the
surface of Cu-NPs; and (ii) the mechanism of UA electrooxidation on the
Ni-NPs-based electrode differs from that on the Cu-NPs-based electrode
under applied polarization.

Moreover, intensive oxygen consumption at alkaline pH was detec-
ted on the surface of Cu-NPs even in the absence of UA (Fig. 5A, dashed
line). At the same time, the gradual increase in oxygen consumption in
the analyzed droplet of UA on Cu-NPs was less pronounced compared
with the background solution applied at the same pH, Fig. 5A, solid line.
The obtained data allows us to conclude that, in the presence of UA, at
least two concurrent reactions (interaction of Cu-NPs with oxygen and
UA electrooxidation by Cu-NPs) are taking place simultaneously.
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Fig. 4. Schematic representation of energetically advantageous structures: (A) UIMO, and (B) U2MO,, where M = Cu®", Ni®*, (C) UIMO,, M = Cu, Cu*, Ni, Ni®*,
(D) U2MO», M = Ni®*, Ni®*, Ni, Cu*, Cu. Note: for the cases (C) and (D), there is a transfer of a hydrogen atom from the six-membered ring to the attached O:

molecule, resulting in the formation of a peroxide group.

In contrast, no oxygen consumption was observed at alkaline pH on
the surface of electrodeposited Ni-NPs (Fig. 5B, dashed line). Only a small
amount of oxygen consumption, at approximately ~25 pmol/L (calcu-
lated as the difference between the baseline of the oxygen mini-sensor
and the minimal value obtained during the CV plot for three cycles),
was detected during electrooxidation of UA, Fig. 5B, solid line.

Notably, the same level of oxygen consumption was recorded for 2
mM of UA dropped on the surface of a Petri dish (ESI, Fig. S5). This
indicates that UA electrooxidation on Ni-NPs modified electrodes occurs
with minimal oxygen involvement. This result was in line with the
previously reported trend obtained for defect nickel oxides, which, when
transferred to an alkaline pH, form [NiO,(OH)y], leading to a decrease of
oxygen adsorption [39,40].

To sum it up, it can be assumed that UA electrooxidation on the
surface of Cu-NPs may be affected by oxygen participation, which im-
pacts the results of the specificity test (Fig. 2B).

This assumption was confirmed by subsequent specificity test con-
ducted in AM mode in the absence of molecular oxygen. For this test, all
test solutions, including UA and all interfering electroactive species
were prepared in oxygen-free OXCAL solution maintaining 0 pmol/L of
oxygen, ESI, Fig. S7. The results of this test are summarized in Fig. 6.

Briefly, Cu-NPs-based electrodes tested in oxygen-free OXCAL solu-
tions, in the absence of oxygen apart from UA, showed much higher
response towards interfering species, e.g., amines, ascorbic acid and urea
than to UA. However, in the presence of oxygen (see Fig. 2B), the same
electrode showed no pronounced response to urea, ascorbic acid, and
ethylamine, with signal intensities comparable to or below that of the
electrooxidation of 1 mM UA. In other words, changes in oxygen

concentration (from 21 % to 0 %) in a droplet of UA dramatically
affected the performance of electrodes modified with electrodeposited
Cu-NPs coated with defect oxides (see Table 1).

In contrast, despite the pronounced decrease in sensitivity in the
absence of oxygen Ni-NPs based electrodes exhibited exclusive speci-
ficity to UA. It is believed to be due to the inertness of Ni-NPs to oxygen
under the given conditions. Therefore, the performance, e.g., specificity
of Ni-NPs in UA electrooxidation reaction cannot be significantly
affected by the presence/or absence of oxygen.

To conclude, this set of experiments demonstrates that electro-
deposited Cu-NPs and Ni-NPs exhibit different behaviours towards
interaction with oxygen, which result in differences in the UA electro-
oxidation reaction. At the same time, the mentioned difference may be
related to the various composition of electrode surfaces (surface chem-
istry), see Section 3.5.

3.5. Importance of defect oxides on the surface of electrodeposited Cu-
NPs and Ni-NPs in the presence of oxygen

Defects-rich Cu-NPs and Ni-NPs, when used as electrocatalysts in
electrooxidation of urea and UA metabolites in alkaline solutions,
intrinsically possess higher catalytic activity than defect-less NPs [17,49,
50].

Thus, the importance of nickel oxide lattice defects for efficient ox-
ygen evolution reaction has been emphasized in several studies [39,40].
Defect nickel oxides, when transferred to alkaline pH, form [NiOy(-
OH)y], which significantly alters their behaviour in the oxygen evolution
reaction. More importantly, these Ni-NPs do not adsorb oxygen at this
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Fig. 5. Overlaid oxygen and electrochemical (three CV cycles from —0.4 V to 0.4 V, scan rate 50 mV/s) responses recorded in a droplet of background solution
(dashed line) and 2 mM UA (solid line) from electrodes modified with electrodeposited Cu-NPs (A) and Ni-NPs (B). Note: 2 mM UA was applied to make the observed
trends pronounced; pH of solutions was 9.0 + 0.2. The basic line of the oxygen mini-sensor at 20+2 °C is 280+20 umol/L. The measurements were performed in

triplicate and yielded the same results.

pH [39,40] which is consistent with the results obtained in our study,
ESI, Fig. S6 and Fig. 5B.

Therefore, to verify the impact of surface chemistry of electro-
deposited NPs on their performance in the presence of molecular oxy-
gen, we next reduced the surface oxides in alkaline solutions containing
hydrazine (NoHy4), a known reducing agent for copper and nickel oxides
[51-53]. Treatment with NyH4 removes lattice oxygen, resulting in
changes to the oxygen vacancies in oxides [54]. In other words, this
approach enables changes in the surface chemistry of electrodeposited
NPs.

For this end, a droplet of 100 mM NyHy, prepared in a background
solution with pH 9.0 + 0.2 was placed on the electrodes modified with
electrodeposited Cu-NPs and Ni-NPs, following by cycling in CV at 20
mV/s from —0.4 V to 0.05 V for 10 scans. Subsequently, the NoHy-
treated electrodes were thoroughly rinsed with DI-water and re-tested in
both the background solution and in the presence of 2 mM UA.

The change in surface chemistry of electrodes after NoHy treatment
was confirmed via subsequent CV studies. Briefly, the peak maximum
corresponding to the electrooxidation UA at alkaline pH for the elec-
trode modified with Cu-NPs was shifted to the anodic range by
approximately ~0.15 V, and by approximately ~0.2 V for the Ni-NPs-
based electrodes, ESI, Fig. S8. Moreover, the shape of the CV plots
was significantly altered, indicating that the surface chemistry of the
electrodes had been successfully modified (see in comparison with
Fig. 2A).

The oxygen consumption plot recorded from the surface of NoHy-
treated electrodes in alkaline background electrolyte and UA solutions
containing oxygen, under applied polarization revealed an opposite
trend compared to what was observed in Section 3.4. Specifically, Cu-
NPs modified electrodes with reduced surface oxides (most probably
reduced Cuz0) no longer absorb oxygen anymore (Fig. 7A), in contrast
to intact electrodes (Fig. 5A). In general, the oxygen consumption profile
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Fig. 6. AM curves indicating the specificity of the tested electrodes modified with Cu-NPs (a) and Ni-NPs (b) in the absence of oxygen: 1 — oxygen-free OXCAL
solution; 2 — 100 uM UA; 3 — 1 mM UA, 4 - oxygen-free OXCAL solution; 5 - 10 mM EtOH; 6 — 10 mM glycerol; 7 — 10 mM ethylamine; 8 - 10 mM ethanol amine; 9 -1
mM urea; 10 — 100 puM of ascorbic acid. Note: all solutions with pH 9.0 + 0.2 were prepared in oxygen-free OXCAL solution. The measurements were performed in

triplicate and yielded the same results.
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Fig. 7. Overlaid oxygen and electrochemical responses (three CV cycles from
—0.4 V to 0.4 V, scan rate 50 mV/s) recorded simultaneously in a droplet of
background electrolyte (dashed line) and 2 mM UA (solid line) from electrodes
modified with electrodeposited Cu-NPs (A) and Ni-NPs (B) after reduction of
their surface. Note: 2 mM UA was applied to make the observed trends pro-
nounced; pH of solutions was 9.0 + 0.2. The basic line of the oxygen mini-
sensor at 20+2 °C is 280+20 pmol/L.

of Cu-NPs with a modified surface chemistry closely resembled the
profile recorded for the intact Ni-NPs (Fig. 5B).

In contrast, the electrodes modified with electrodeposited Ni-NPs,
after their surface chemistry was modified with hydrazine, surpris-
ingly began to absorb molecular oxygen in alkaline solutions, Fig. 7B

Notably, the oxygen consumption in the background solution was
more pronounced (dashed line) compared to that in the solution con-
taining UA at the same alkaline pH (solid line). A similar trend was
observed for the intact electrodes modified with Cu-NPs (see Fig. 5A). It
is hypothesized that the reduction of surface of Ni-NPs in hydrazine
solution affected the ratio between defect Ni®*, nickel oxides and hy-
droxides (Table 1).

In Section 3.4, the role of molecular oxygen in the specificity of
electrochemical oxidation of UA in alkaline solutions by electrodes
based on electrodeposited NPs was examined. It was shown that in the
absence of oxygen Cu-NPs lost their specificity in UA electrooxidation
reactions (Fig. 6). In contrast, Ni-NPs analogues were able to maintain
the excellent specificity toward UA because their catalytic activity was
independent on oxygen adsorption/presence of oxygen. In the present
experiment, the role of surface chemistry of electrodeposited NPs on the
adsorption of molecular oxygen was emphasized. The difference in ox-
ygen adsorption on the surface of NoHy-treated Cu-NPs and Ni-NPs,
compared with their intact surfaces, indicates that oxygen adsorption
is a function of the surface chemistry of electrodeposited NPs.

In this regard, in can be concluded that both the presence of defect
oxides on the surface of electrodeposited NPs and the presence of mo-
lecular oxygen in a droplet of the test solution, along with its interaction
with NPs, determine the specificity of UA electrooxidation at alkaline
pH.

3.6. Toward mechanistic aspects of UA electrooxidation using
electrodeposited Cu-NPs and Ni-NPs

A deeper understanding of the reaction mechanisms and the role of
interfacial interactions is essential for designing more specific electro-
catalysts. Based on the results summarized above, it can be hypothesized
that the electrooxidation of UA on the surface of electrodeposited NPs
occurs in several steps: (1) adsorption of UA; (2) polarization of one and
di-charged anions of UA; (3) interaction of polarized ions with the defect
oxides of NPs; (4) reduction of the defect oxides of NPs in the presence of
UA; (5) oxidation of the reduced species in the oxides under the applied
polarization; (6) signal read-out in the anodic range of potentials.
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Fig. 8. GC-MS chromatograms obtained for the UA droplets collected after microelectrolysis and derivatized with MSTFA: 1 — diethyl azodicarboxylate; 2 — 5,6-dihy-
dro-3-methyl-1-(trimethylsilyl)oxymethyl uracil; 3 — N’-cyclooctyl-N,N-dimethyl urea; 4 — 1-lodo-2-methylundecane; 5 — 1-methyl anthracene; 6 — 2-tert-butyl-6-
methylphenol, trimethylsilyl ether; 7— 2,2-methylenebis[6-(1,1-dimethylethyl)-4-methyl phenol; 8 — 2,5-dihydro-2,5-dioxo- 3-furanacetic acid; 9 - 1,2,5-oxadiazole.
Note: unmarked peaks are attributed to thermo degraded MSTFA products due to the pre-treatment procedure (see Experiment).

Importantly, step (1) on the surface of Cu-NPs can be significantly
affected by altered interaction with oxygen at alkaline pH (see Section
3.3), leading to a loss of specificity towards UA. In contrast, Ni-NPs do
not adsorb oxygen under the same experimental conditions, which
prevents interference with UA adsorption. This suggests that the sub-
sequent steps (2) — (5) on Ni-NPs may follow different pathways
compared to those occurring on the surface of Cu-NPs.

This assumption was confirmed by subsequent GC-MS studies of the
droplets collected after electrooxidation UA (see Experiment). The GC-
profile of the chromatogram obtained for the droplet collected after
microelectrolysis on the Cu-NPs modified electrode differed from that of
the sample obtained from the Ni-NPs based electrode, Fig. 8. In general,
the total number of intermediate compounds formed on the Cu-NPs-
based electrode was much higher (>515) compared to the spectrum of
compounds (>256) obtained after electrooxidation on the Ni-NPs-
modified electrode. This observation indirectly suggests a more com-
plete electrochemical conversion of UA into products on Ni-NPs.

Moreover, peak/compound 3 (Fig. 8, see chromatogram correspond-
ing to the blank sample), which is related to an urea derivative and
formed as a thermal degradation product of free 2 mM UA (see Experi-
ment, derivatization protocol with MSTFA), was still detected in the
sample subjected to microelectrolysis on Cu-NPs (Fig. 8, see chromato-
gram corresponding to Cu-NPs). This suggests that UA remains partly
unreacted/non-oxidized after microelectrolysis on Cu-NPs. In contrast,
peaks/compounds 1, 3, 4, 5, 6, and 7 were not detected in samples after
electrooxidation on Ni-NPs, highlighting a different electrooxidation
pathway for UA on Ni-NPs.

Notably, the main characteristic peaks, detected with pronounced
signal intensities, allowed us to distinguish the electrooxidation path-
ways of UA on Cu-NPs vs. Ni-NPs. These peaks were attributed to the
formation of 2,5-dihydro-2,5-dioxo-3-furanacetic acid (peak 8) and
1,2,5-oxadiazole (peak 9), respectively.

To sum it up, the interaction between UA and electrodeposited Ni
electrocatalyst follows a different pathway than that occurring on Cu-
NPs. Importantly, the reaction intermediates play a key role in con-
trolling the electrochemical reaction route and the specificity of UA
electrooxidation. However, these intermediates may not be the primary
steps in the overall pathway. The difference in the formation of elec-
trooxidation intermediates of UA may stem from the distinct nature of
oxygenic species participated in reaction on Ni-NPs and Cu-NPs surface
(see Sections 3.4, 3.5).
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4. Conclusions

This study compares the electroanalytical performance of electrodes
modified with electrodeposited Cu-NPs and Ni-NPs in the electro-
oxidation reaction with UA at alkaline pH.

The specificity of electrodes toward UA correlates with the polariz-
ability of mono- and di-anion of UA on the catalytic centers of electro-
deposited NPs and the nature of the interaction between the NPs
surfaces and molecular oxygen. Thus, the electrodes modified with
electrodeposited Ni-NPs, which remain inert to oxygen adsorption and
support advanced polarizability of UA compared with Cu-NPs ana-
logues, demonstrated improved performance in specificity tests with
UA. Significantly, different interaction with molecular oxygen by elec-
trodes tend to depend on initial surface composition (surface chemistry)
of electrodeposited Cu-NPs and Ni-NPs.

Moreover, the different interaction between oxygen and the surface
of electrodeposited Ni-NPs and Cu-NPs affected the type of reaction
products formed during electrooxidation of UA. The obtained data
suggest that the mechanism underlaying the electrooxidation of UA on
electrodes modified with electrodeposited Cu-NPs differs from those on
electrodes modified with Ni-NPs. However, this question requires
further detailed investigations, which are planned for future studies in
our laboratory.
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