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Abstract

Glucose electrooxidation is of particular interest owing to its broad applications in glucose
fuel cell and electrochemical sensing. In pursuit of high atomic utilization of catalytic active sites,
we employed homogenously dispersed transition metal ions (Co**, Cu®’, and Ni*) as the
electrocatalyst in alkaline electrolyte. Combining cyclic voltammetry, chronoamperometry,
impedance spectroscopy, and in situ UV-Vis spectroelectrochemistry, the catalytic activity and
reaction mechanism of M(II)-catalyzed glucose electrooxidation are discussed, suggesting a
general activity trend of Co(II) > Cu(II) > Ni(Il). Using a uM level of Co(II), Cu(Il), and Ni(II),
the sensitivity values of 1,342, 579, and 38.9 mA M cm™ are achieved, respectively, toward
glucose sensing. The coordination between metal sites and glucose plays the critical role of lowing
the oxidation potential of M(II) to higher valent forms. A homogenous reaction mechanism is
suggested: Co(II)-catalyzed reaction shows potential-dependent electrooxidation via the formation
of Co(Ill)-glucose and Co(IV)-glucose complex, while both Cu(Il) and Ni(Il) feature the
intermediate of M(III)-glucose. The Co(II)-glucose electrooxidation presents the smallest charge

transfer resistance and the highest transfer coefficient, accounting for its high activity.
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1. Introduction

The electrooxidation of glucose is a critical reaction that lays the foundation for the
development of non-enzymic glucose sensors and glucose fuel cells [ 1-3]. Currently, various metal
and metal-based materials have been extensively used as the electrocatalyst, including Au [4], Pd
[5], Pt[6], Co [7], Cu [8], Ni [9], showing reasonable catalytic activities. Given the low cost, the
use of earth-abundant transition metals, such as Co, Cu, and Ni, are generally preferred, and their
metallic, oxide and hydroxide forms have been widely employed. For Co species, Co(OH), [10]
and Co304 [11, 12] are the most common oxide forms engaged as the electrocatalysts. Likewise,
many researchers utilized the diverse forms of Cu-based and Ni-based nanomaterials, such as CuO
[13-15], Cu0O [16], NiO [17], and Ni(OH)2 [18, 19], for electrocatalysis.

Despite some ongoing debates over the mechanism of CuO-based material-catalyzed reactions
[20], it is generally accepted that the redox properties of metal sites, involving their higher
oxidation states, plays a crucial role in glucose electrooxidation [7-9]. Under the alkaline
conditions, the electrooxidation of Co(II) to its Co(Ill) form (CoOOH) and Co(IV) form (CoO,)
[21, 22] are considered to be essential for glucose oxidation. Similarly, the production of Cu(III)
form (CuOOH) [14] and Ni(IIT) (NiOOH) [23] plays the key role in glucose electrooxidation via
Cu- and Ni-based catalysts. Therefore, in pursuit of high efficiency and stability, researchers have
been adopting different methods to alter the structural and electronic properties of active sites. So
far, most of the methods can be divided into two strategies. One common tactic is altering the
electronic structure of metal through bimetallic structure formation, and different metals and
combinations have been explored, such as CuCo[24] and CuNi [25]. In some reports, conductive
composites, such as conductive polymers [8, 25, 26], graphene [27, 28], carbon nanotubes [29-

31], are introduced as the catalyst support to improve the charge transfer between the metal sites



and the electrode. Another more straightforward strategy of improving the catalytic activity is to
increase the numbers of active sites by enlarging the electrochemical surface area. Such a strategy
leads to morphology-controlled deposition and synthesis of thin-layered or porous structures [7,
11, 32]. For example, Lu and co-workers [14] prepared uniform CuO nanowire array layers on a
nanoporous CuO film to maximize the numbers of Cu sites on the electrode. Based on the same
idea, most recently, metal-organic frameworks (MOFs), including Co-MOFs [33], Cu-MOFs [34,
35], and NiCo-MOFs [36], have been used either directly as electrocatalyst or precursor for other
nanocomposites. The even distribution of metal sites in the frameworks, in principle, can offer an
atomic level exposure of metal sites. However, despite much-improved activities, the involvement
of sophisticated nanostructures inevitably complicates the fabrication process and increases the
cost. Moreover, the stability of many nanostructures under electrochemical conditions are yet to
be improved.

Based on the same idea of maximizing the active sites, we have previously described a simple
and efficient strategy towards glucose electrooxidation using Cu(Il) species in an alkaline
electrolyte [37, 38]. Different from the modified electrodes, the homogenously dispersed Cu(II)
species, when engaged as the electrocatalyst, allow thorough interaction between metal sites and
glucose. The complex of Cu(Il)-glucose serves as the reactant near the electrode surface and gets
oxidized to a Cu(Ill)-glucose intermediate, which eventually produces gluconate ion regenerating
Cu(Il) species [37]. The high efficiency of such Cu(Il)-mediated catalytic system leads to the
development of a series of electrochemical glucose sensors [8, 30]. Since Co and Ni share the
similar redox properties and glucose electrooxidation mechanism [10, 39], their performance in
such homogenous catalytic system is, therefore, of particular interest. So far, their catalytic

properties towards glucose electrooxidation are not yet reported.



Herein, we investigate the electrochemical oxidation of glucose catalyzed by homogenously
dispersed transition metal ions (Co?", Cu?*, and Ni*") in the alkaline electrolyte. The
electrochemical behaviors of metal 1ons and glucose are studied using cyclic voltammetry, and the
kinetic aspects of different metal species towards glucose electrooxidation are evaluated. The
reaction mechanisms of metal ion-mediated catalysis are proposed by the impedance spectra under
various bias voltages in conjunction with the surface species information from in situ UV-visible
(UV-Vis) spectroelectrochemical studies.

2. Experimental
2.1 Materials

Sodium hydroxide (>96%, Uni-chem), D-(+)-glucose (>99.5%, Sigma-Aldrich), copper(Il)
nitrate hydrate (99.999%, Sigma-Aldrich), cobalt(Il) nitrate hexahydrate (99.999%, Sigma-
Aldrich), and nickel(II) nitrate hexahydrate (99.999%, Sigma-Aldrich) were used as received. All
aqueous solution was prepared using double-deionized water (DI water, R > 18.2 MQ cm™)
produced by MilliQ Water System (Millipore, USA).

2.2 Electrochemical characterization

Glassy carbon electrode (GCE, 3 mm diameter, surface area = 0.071 cm?) was polished with
1.0, 0.3, and 0.05 pm a-Al,O3; powders (CH Instruments) and then rinsed with DI water and
acetone repeatedly. The cleaned GCE electrode was dried at room temperature before used as a
working electrode.

For all electrochemical characterization, a three-electrode system was used with saturated
calomel electrode (SCE, 25 °C) and Pt wire as the reference and counter electrode, respectively.
The electrolyte was 0.1 M NaOH aqueous solution degassed with N> for 30 mins before the

electrochemical test. Cyclic voltammetry (CV) and electrochemical impedance spectroscopic (EIS)



measurements were conducted on a PARSTAT MC (PMC1000/DC) electrochemical system
(Princeton Applied Research, USA). The scan rate of CV was 5 mV s™! for all measurements. The
EIS results were collected from 1 MHz to 10 mHz at various applied potentials with an amplitude
of 10 mV RMS. The amperometric i-t electrochemical measurements were performed on a CHI
1030A electrochemical analyzer (CH Instruments, Inc., USA) with continuing magnetic stirring at
1,070 rpm.

For in situ UV-Vis spectroelectrochemical studies (SPECE), an integrated
spectroelectrochemical system (including an AvaLight UV/Vis/NIR light source, an AvaSpex-UL
S2048 Fiber-Optic spectrometer, and a WaveDriver 20 benchtop potentiostat/galvanostat System,
Pine Research Instrumentation, Inc., USA) was used. The spectroelectrochemical cell uses a gold
honeycomb electrode as both the working and counter electrode and SCE is used as the reference
electrode. A staircase cyclic voltammetric (SCV) method was used for the UV-Vis
spectroelectrochemical study with an amplitude of 5 mV and a period of 20 s.

3. Results and Discussion
3.1 Potential sweep study

Before the electrochemical studies, the metal ions (0.5 uM ~ 1.0 mM) were added to 0.1 M

NaOH (pH=12.96) aqueous solution to reach equilibrium. According to the Pourbaix diagrams of

Co, Cu, and Ni (Figure S1), the soluble metal species are formed via the following reactions:

Co:
Co” +30H —Co(OH); (1a)
and/or Co>"+30H —>HC005+H,0 (1b)
Cu:
Cu®"+40H —Cu(OH)" (2a)



and/or Cu>"+30H —HCuO5+H,0 (2b)

Ni**+30H —Ni(OH), (3a)
and/or Ni>*+30H —HNiO5+H,0 (3b)

Under the experimental conditions of room temperature and M(II) species (M = Co, Cu, and
Ni) concentration between 0.5 pM and 1.0 mM, the formation of soluble M(OH)2™ (n = 3, 4) and
HMO; are expected.

(Figure 1)

The electrochemical behaviors of the soluble metal species in an alkaline electrolyte with and
without different concentration of glucose (1, 5, and 10 mM) were studied by the CV method using
bare GCE, and the plots are shown in Figures 1a-1c.

In 0.1 M NaOH electrolyte, only non-Faradaic current signals due to the formation of the
electrochemical double layer on GCE can be observed within the applied potential range of 0 ~
1.0 V. Upon the addition of 1 mM of M(I), the current density increases in all three
voltammograms. Such enhancements are attributed to the electrooxidation of M(II) species to their
higher oxidation states and the accomplished oxygen evolution reaction (OER) after the potential
exceeding the reaction threshold (£° =223 mV vs. SCE, pH=12.96) [40-42]. Specifically, for Co,

starting from around 610 mV (inset of Figure 1a), the electrooxidation of Co(Il) species (Co(OH);,

and HCoO5) to Co(IIT) (CoOOH) and Co(IV) species occurs (Equations 4a, 4b, and 4c¢). As the
potential precedes the discharge of oxygen, the Co(IlI) to Co(IV) (mainly CoQO.) electrooxidation
predominates [40], resulting in a high current density of 23.1 mA cm™? at 1.0 V. Such Co(IV)
species only exist as an intermediate for OER (Equation 4d) [43, 44]. However, as shown in

Figure 1a, the Co(II)/Co(IIl) and Co(III)/Co(IV) processes are hard to distinguish as the anodic



current shows no peaks. For Cu, the Faradaic current evolving from 660 mV (Figure 1b) is due to
the oxidation of Cu(Il) (Cu(OH); and HCuO5) to Cu(Ill) (CuO,, CuOOH, and/or Cu(OH),,
Equation 5a) [41]. As to Ni, the electrooxidation of Ni(II) species starts at around 520 mV (Figure
1¢) and produces NiOOH as the primary form of Ni(III) species [42]. As potential further increases,

the coupled OER occurs, and the water oxidation current would predominate (Equation 5b) [45,

46].

M = Co:
Co(OH); —CoOOH+H,0+¢’ (4a)
Co(OH);+OH —C00,+2H,0+2¢" (4b)
CoOOH+OH —Co00,+H,0+¢ (4¢c)
Co0,+OH —CoOOH+0, (4d)

M = Cu, Ni:
M(OH);—>MOOH+H,0+¢’ (5a)
MOOH+40H —M(OH);+0,+H,0 (5b)

As shown in Figures 1a-1c, the injection of glucose to the alkaline electrolyte containing 1
mM soluble M(II) species caused dramatic change to the CV plots. For Co(II), a current boost is
evident from 420 ~ 610 mV compared with the Co(II) electrooxidation current obtained without
glucose (inset of Figure 1a), indicating glucose electrooxidation. In this potential range, the
measured current was directly related to the glucose concentration. At the potentials higher than
610 mV, the current is significantly lower than the Co(II) electrooxidation current. In the presence
of glucose, a peak is observed, of which position depends on the glucose concentration: 826 mV
(1 mM glucose), 853 mV (5 mM glucose), and 878 mV (10 mM glucose). Interestingly, from 610

to 930 mV, the higher glucose concentration is, the lower current is observed, until the potential



exceeds 930 mV where higher glucose concentration, again, gives a higher current signal. For
Cu(II) and Ni(II), as shown in Figures 1b and 1c¢ respectively, the current increases after glucose
addition within the studied potential range, and higher glucose concentration causes a higher
current signal. The onset potential for glucose electrooxidation is found to be 330 mV using 1 mM
Cu(Il) and 470 mV using 1 mM Ni(II). In the first forward scans of glucose electrooxidation using
Cu(Il) and Ni(IT), no distinct peak is shown, suggesting that the mass transfer limitation is not
reached under the studied conditions in Cu(II)- and Ni(II)-catalyzed system. The possible effect
caused by CI ion from the SCE is addressed in the SI, where the CV results are confirmed to be
valid by replacing SCE with Hg/HgO (1.0 M KOH) reference electrode, as shown in Figure S2.
For Co(II), Cu(Il), and Ni(Il), the onset potentials for glucose electrooxidation via M(II) are
generally lower than that of M(II) electrooxidation (Co(II): 420 mV compared with 610 mV; Cu(II):
330 mV compared with 660 mV; and Ni(Il): 470 mV compared with 520 mV). Considering that
M(II) electrooxidation to its higher oxidation states is essential for both glucose electrooxidation
and OER, it is reasonable that the intermediate (glucose-coordinated M(II), or M(II)-glucose
complex) is oxidized easier than M(II) surrounded by only OH™ (M(I1)-OH). In the case of Co(II),
Co(Il)-glucose electrooxidation occurs between 420 and 610 mV, while the Co(IlI)-OH
electrooxidation have not started yet (or at a very low rate). The increasing glucose concentration
causes electrooxidation current to increase. However, at potential higher than 610 mV, the Co(II)-
OH electrooxidation current exceeds the glucose electrooxidation, an indicative of a kinetically
faster OER comparing with the glucose electrooxidation. The current is a combined result of both
OER (mediated by Co(II)-OH) and glucose electrooxidation (mediated by Co(II)-glucose). The
addition of glucose reduces the total concentration of Co(Il)-OH by forming Co(II)-glucose,

resulting in the decrease of total current. Moreover, a higher glucose concentration decreases the



current. In other words, the addition of glucose to Co(II) solution prevents the OER via Co(II). For
Cu(II) and Ni(II), the anodic current is higher in the presence of glucose, implying that glucose
electrooxidation is faster than the electrooxidation of Cu(II)-OH and Ni(II)-OH.

To understand the kinetic aspects of glucose electrooxidation, we constructed the Tafel plots
within the glucose electrooxidation range as Figure 1d (kinetic parameters obtained from different
techniques are summarized in Table 1). For Co(II), two kinetic regions are found: one with a Tafel
slope of 362 mV dec™! between 520 and 650 mV, and the other with a Tafel slope of 117 mV dec!
between 650 and 820 mV. The former can be attributed to the electrooxidation of Co(II)-glucose
to Co(Ill)-glucose (charge transfer coefficient a = 0.157), whereas the latter is correlated to the
further oxidation of Co(III)-glucose to Co(IV)-glucose at a faster reaction rate (o = 0.503). Cu(II)-
catalyzed reaction also shows two distinct linear regions: 500 ~ 640 mV (549 mV dec™!, 0. = 0.107)
and 640 ~ 900 mV (271 mV dec’!, a = 0.219), revealing a multistep electrochemical process of
glucose oxidation depending on the applied potential. The first region shows a relatively slow
process compared to the second one. It is commonly known that Cu(Il) can react with glucose
through a redox reaction of Cu(Il)-glucose complex to produce Cu(I) species, which is utilized as
Benedict's reagent. At room temperature, we indeed observed a color change in the electrolyte
containing both Cu(Il) and glucose, from sky blue to brown blue within one day at room
temperature. Due to the short time required for CV (typically 400 s), the concentration of produced
Cu(I) species is minor compared to Cu(Il) (see Figure S3, SI for detailed discussion). Thus, the
first kinetic region indicates the electrooxidation of produced Cu(I) species to Cu(Il) species. This
process is rather slow due to the rate limiting Cu(I) production via redox chemistry. The second
region shows the dominating faster Cu(II)-glucose to Cu(Ill)-glucose electrooxidation. In the case

of Ni(II), the relation of log j and applied potential remains linear within 600 ~ 900 mV, indicating

10



a single-step glucose electrooxidation (285 mV dec™!, o= 0.209) catalyzed by Ni(II). Therefore, at

an applied potential higher than 600 mV, the Co system possesses the highest reaction rate,

followed by Cu, and Ni, as suggested by both Tafel slopes and charge transfer coefficients.
(Table 1)

The stability of the M(II)-catalyzed glucose electrooxidation was studied using 1 mM M(II)
and 5 mM glucose. Figure 1e shows the current-time (i-t) plots of Co(II), Cu(II), and Ni(II) at 600
mV. A current boost is observed in all systems after adding glucose. After the initial 2,000 s, the
highest current density of 97.8 pA cm is achieved using Co(Il) catalyst, followed by 61.2 pA cm’
2 using Cu(Il), and 24.1 pA cm™ using Ni(Il). After 8,000 s, the current density changes to 99.3,
55.3 and 31.9 A cm™, respectively, showing a current increment by 1.53 % and 32.4 % for Co(II)
and Ni(II), while a decrement by 9.64 % for Cu(Il). Nevertheless, such mild changes over long
time indicate the high stability of all three catalysts in the alkaline electrolyte.

3.2 Catalytic performance evaluation
(Figure 2)

The electrochemical catalytic performance of metal ions towards glucose electrooxidation is
evaluated by chronoamperometry following the procedure described in Figure 2a. Under
continuous stirring, a target potential was applied to GCE until the background current stabilized.
Then, a pre-determined amount of M(II) was introduced to the electrolyte at 100 s causing a current
increment of Ai. Such current is due to the electrooxidation of M(II) to its higher valent form, or
OER if the water electrooxidation potential is reached. Upon the stabilization of current signal,
glucose was added to the electrolyte at 600 s, resulting in the further current boosts of Ai" and Ai"’
which are dependent on the glucose concentration. Sensitivity value, the current density increment

caused by a certain amount of glucose under given conditions (M(II) concentration and applied
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potential), is used to evaluate the catalytic activity.

We first determined the optimal reaction potential for glucose electrooxidation using M(II).
Figure 2¢ (Co) and Figure S4 (Cu and Ni) show the amperometric response of GCE to two
concentrations of glucose (100 uM and 1.0 mM, respectively) in 0.1 M NaOH electrolyte
containing 0.1 mM M(II) under various applied potentials (400, 450, 500, 550, 600, and 650 mV).
At the applied potentials >550 mV, the significant current increment of Ai indicates the Co(III) to
Co(IV) electrooxidation coupled with the discharge of oxygen, noted as OER current. Upon the
addition of glucose, a further current boost evolves which quickly decays and stabilizes. In
particular, at 650 mV, the current decreases rapidly causing the total current increment Aiiotal drops
below the OER current. The reasonable explanation is that glucose molecules occupy the
coordination sites of Co(II) preventing the essential Co(II)-OH" coordination for OER.

(Figure 3)

Since most of the reported catalysts are used as glucose sensors, we used the sensitivity value
(current response to a certain amount of glucose: Ai/Ac), which is commonly reported, to evaluate
the catalytic activity of the M(II)-catalyzed system and compare with other catalysts. High
sensitivity indicates high activity towards glucose electrooxidation. Figures 3a-3¢ summarizes the
sensitivity values obtained from three amperometric tests using 0.1 mM M(II) as the catalyst under
various potentials. An optimal potential (Co: 600 mV; Cu: 600 mV; Ni: 500 mV) is found to
achieve the highest sensitivity towards glucose. Below the optimal potential (and above onset
potential), the reaction rate is expected to increase with the increasing potential according to the
Tafel equation. While at a higher potential, both OER and glucose electrooxidation are competing
for limited M(II) sites, limiting the reaction rate of glucose electrooxidation. As shown in Figures

2¢ and S4b, the current increment upon Co and Ni ion introduction (A7) at 600 and 650 mV,
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respectively, is much higher than that at lower potentials. Such high current enhancement reveals
the substantial contribution of OER. At the optimal potential, the highest sensitivity is calculated
to be 1,187 mA M! cm™ using 0.1 mM Co(II), much higher than when Cu(Il) (562 mA M™! cm™)
and Ni(II) (25.0 mA M cm™) were used with the same concentration, confirming the general
catalytic activity trend of metal ion towards glucose electrooxidation, Co(Il) > Cu(II) > Ni(II).
Under the conditions of an applied potential of 550 mV and M(II) concentration of 0.1 mM, the
reaction rate of Co(Il)-catalyzed glucose electrooxidation is ~2.8 and ~50 times higher than those
catalyzed by Cu(Il) and Ni(Il), respectively. Despite the high sensitivity value, the inhibition of
competing OER is highly desired for precious estimation of glucose electrooxidation via M(II).
Thus, the optimal potential for glucose electrooxidation of 550 mV (Co), 600 mV (Cu), and 550
mV (Ni) is chosen to rule out the influence of OER current.

The correlation between M(II) concentration and glucose electrooxidation rate was studied at
the chosen potentials. The amperometric responses are shown in Figure S5, and the corresponding
sensitivity is plotted against M(II) concentration in Figures 3d-3f. The trend of sensitivity follows
a volcano shape as the highest sensitivity is obtained at the medium M(II) concentration. At low
M(II) concentrations, adding additional M(II) would enhance the sensitivity by providing more
active sites for glucose coordination and electrooxidation. However, too much M(II) can result in
a higher kinetic barrier for mass transfer to the GCE surface. Figure 3d shows that, for Co, the
highest sensitivity of 1,342 mA M cm™ is achieved by using 5 pM Co(II) in 0.1 M NaOH aqueous
solution. For Cu and Ni, the highest values of 579 and 38.9 mA M cm™ are demonstrated by
using 200 uM Cu(l) and 10 pM Ni(Il), respectively. Generally, given the same M(II)
concentration, Co(II) shows the highest catalytic activity, followed by Cu(II) and Ni(II).

The catalytic activities of our Co(II)-, Cu(Il)-, and Ni(Il)-catalyzed glucose electrooxidation
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were compared with other electrocatalysts recently reported as shown in Table 2. As stated before,
most of the electrocatalysts were reported as glucose sensors, thus, it would be most suitable to
compare the sensitivity values for catalytic activity evaluation. Clearly, the transition metal
ion-mediated glucose electrooxidation system shows comparable, if not better, results to most of
recently reported electrocatalysts.

(Table 2)

Table 2. Comparison of the Co(II), Cu(II), and Ni(II)-ion catalyst with other state-of-the-art electrocatalysts (in 0.1 M

alkaline electrolyte, if not stated otherwise).

Electrocatalyst Applied potential (uie;;/lltflv lc?;l_z) Year Reference

Au@Cu,0 0.6 Vvs. SCE 715 2017 [47]
—0.05 V vs. Ag/AgCl/3

Pd nanocubes M KCl 74 2016 [5]
Co/tGO/PPy 0.4 Vvs. SCE 297.7 2017 [7]
Cos04@nanoporous ) 5oy o Ao/ 6Cl 249.1 2018 [12]
carbon
Co(OH)»/rGO 0.5V vs. Ag/AgCl 1246 (0.05 M NaOH) 2018 [10]
Co(OH); NPs/3DGFs  0.45 V vs. SCE 2410 2019 [48]
Cu-C3Ny/MWCNT 0.6 V vs. SCE 929 2018 [30]
CuO nanorods 0.55V vs. Ag/AgCl 1319 2019 [49]
Cu-MOF 0.5V vs. SCE 89 2018 [50]
NiO 0.55 V vs. Ag/AgCl 206.9 (0.5 M NaOH) 2019 [51]
Ni(OH),/rGO/Cu,0O 0.65 V vs. SCE 5350 2018 [52]
Ni(OH), 0.52 Vvs. SCE 12.09 2018 [53]
NiO 0.52 V vs. SCE 24.0 2018 [54]
Co(I) 5 uM 0.55 V vs. SCE 1342 This work
Cu(Il) 200 uM 0.60 V vs. SCE 579 This work
Ni(Il) 10 uM 0.55 Vvs. SCE 38.9 This work

rGO: reduced graphene oxide; PPy: polypyrrole; PANI: polyaniline; NPs: nanoparticles; 3DGFs: three-dimensional
graphene frameworks.

3.3 Electrochemical impedance spectroscopy study

Electrochemical impedance spectroscopy (EIS) was employed to investigate the mechanism
of glucose electrooxidation via M(II). The frequency response of GCE was studied in 0.1 M NaOH
solution containing 1 mM M(II) and 1 mM M(II) + 5 mM glucose within the frequency range
between 1 MHz and 10 mHz at a bias potential of 650 mV where the glucose electrooxidation took
place. Figures 4a-4c shows the measured Nyquist plots of M(II) electrocatalytic systems in 0.1 M
NaOH solution, together with the plot of GCE for comparison.
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(Figure 4)

In the presence of 1 mM Co(II) (Figure 4a), the high frequency (HF) range shows a depressed
semicircular arc, and the low frequency (LF) range features a horizontal line. The arc shape is
typical for a single-step charge transfer reaction kinetically controlled in the HF time domain,
which can be assigned to Co(III) to Co(IV) electrooxidation process (charge transfer resistance Rt
=1.93 kQ). The linear region is associated with the diffusion-controlled electrooxidation. However,
the phase angle is ~0°, suggesting an ignorable diffusion resistance [54]. The main reason is that
the locally formed Co(IV) (Equations 4b and 4c¢) can reproduce Co(III) species within the double
layer region of GCE through OER (Equation 4d) to avoid mass transfer process of Co(Il) from
the bulk electrolyte. Upon the addition of glucose, HF indicates a larger depressed semicircular
arc and a straight line at LF. The former is due to the glucose electrooxidation catalyzed by Co(II),
showing the R¢ of 8.98 kQ, while the following flat line indicates the bounded diffusion. The
considerably larger R¢ in the presence of glucose suggests that the OER has been inhibited by a
kinetically slower glucose electrooxidation, which is in good agreements with the CV results.
Since the concentration of glucose is 5 times higher than that of Co(II) species, glucose molecules
can occupy the coordination sites of Co(Il). Similar to OER, the flat tail shows a confined mass
transfer within the double layer region, presumably due to the local generation of Co(III) species.

The EIS profile of Cu(Il) electrocatalyst differs from that of Co. At a bias voltage of 650 mV
without glucose, only a large arc is evident (only a enlarge part is shown in Figure 4b for clarity)
in the studied frequency range, with an R¢; of 95.5 kQ. The absence of diffusion-controlled region
implies that the Cu(Il) to Cu(III) electrooxidation, despite high charge transfer resistance (large
energy barrier), is kinetically controlled by charge transfer even at LF range (down to 10 mHz).

Notably, the EIS profile shows two distinct depressed semicircular arcs when Cu(Il) and glucose

15



co-exist in the electrolyte, indicating the existence of two time constants. The one in the HF region
is due to the charge transfer process from intermediate to the electrode, and the other in the LF
region is due to the adsorption of the intermediates on the GCE surface. Moreover, the adsorption
(16.7 kQ) and charge transfer resistance (18.4 kQ) in the Cu(Il)-catalyzed system is much higher
than that in the Co(II)-catalyzed system.

Figure 4¢ shows the Nyquist plots of GCE in the electrolyte containing 1 mM Ni(Il) as the
catalyst. A large semicircle associated with the electrooxidation of Ni(II) to Ni(III) is shown with
an R of 81.1 kQ. After adding glucose, two overlapping depressed semicircles evolve showing a
reduced R of 37.4 kQ. Similar to that of Cu(Il), the larger one at the HF region is due to the
electron transfer process of glucose electrooxidation, while the smaller one at the LF region can
be attributed to the adsorption process of the intermediates. Notably, at a bias voltage of 650 mV,
the charge transfer resistance of metal electrooxidation is larger than that of glucose
electrooxidation via metal ion for Cu(Il) and Ni(II), while Co shows the opposite.

To resolve the reaction route, we studied the frequency response of glucose electrooxidation
via Co at various bias potentials (500, 550, 600, and 650 mV), and the Nyquist plots are shown in
Figure 4e. The corresponding Nyquist plots for Cu(Il) and Ni(Il) are shown in Figure S6. As
indicated by CV results (Figure 1a), the electrooxidation of Co(Il) starts at around 610 mV,
whereas that of glucose barely starts from 450 mV. Therefore, the large semicircles produced in
the electrolyte with only Co(II) under a bias voltage of 500 and 550 mV are due to the adsorption
of Co(II) species on GCE. After introducing glucose, these semicircles exhibit smaller diameters,
suggesting that glucose electrooxidation via Co(II) is favorable at 500 and 550 mV. Similar results
were observed from the Ni(II) and Cu(Il) cases. However, under a bias potential of 600 mV and

higher, however, the semicircles due to the electrooxidation of Co(Il) (Equations 4a, 4b, 4¢, and
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4d) present a smaller diameter than those of corresponding glucose electrooxidations, indicating
that the glucose electrooxidation is kinetically slower than the OER-coupled Co(III)/Co(IV)
oxidation. Conversely, glucose electrooxidation is always faster than the M(II) electrooxidation
under the studied potential range when Cu(II) and Ni(II) are used.

To simplify our discussion, the electrooxidation process can be uniformly described by the
equivalent electrical circuit shown in Figure 4d, in which Ry indicates the non-compensated
resistance and R represents the charge transfer resistance [54]. The double layer capacitance is
demonstrated by a constant phase element (CPE) Cgq as implied by the depressed shape of
experimental data. Although the diffusion-controlled process is not evident at the lowest frequency
(10 mHz) studied in some Nyquist plots, the finite-length Warburg impedance with resistance
cutoff is shown in Cu(II) and Ni(II) systems. Therefore, a Warburg diffusion element (Zv) is added
to mimic the mass transfer resistance of finite diffusion in the supported electrolyte [48]. After
fitting the complex plane using the proposed equivalent circuit, the values of Rs and Re are
obtained (Table S1) and plotted in Figure 5.

(Figure 5)

The non-compensated resistance (Rs), including the resistance of the electrolyte, the circuit,
and the electrodes, which should be independent of the applied potential. As shown in Figure 5,
the Rs values obtained from M(II) and M(II)+glucose systems at different bias voltages between
450 and 650 mV show only negligible decrement. Specifically, the Rs changes from 86.2 to 85.7
Q for Co(Il), and from 92.4 to 90.7 Q for Co(II) + glucose. In the case of Cu(Il), the R decreases
slightly from 78.2 to 77.8 €, and from 87.4 to 87.1 Q after adding glucose. As to Ni(Il), the R
drops from 84.7 to 84.1 Q, and from 87.3 to 85.9 Q with glucose introduced. The stable Rs values

under different reaction conditions show that no coating layers (that could cause extra resistance)
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are formed on the surface of GCE either during the M(II) electrooxidation or the glucose
electrooxidation. Nevertheless, the Rs value varies with different M(II) used. Despite the same 0.1
M NaOH aqueous solution used as the electrolyte, this difference in Rs arises from the different
equilibrium constant of M(II) species in the electrolyte. Notably, after adding glucose to the M(II)
alkaline solution, the solution resistance increases by 5.0 Q (Co), 9.3 Q (Cu), and 1.8 Q (Ni),
which can be attributed to the lowered total ion strength in electrolyte due to the formation of
M(II)-glucose complex.

The charge transfer resistance (Re) of M(II) electrooxidation and M(II)-catalyzed glucose

electrooxidation, on the other hand, show a clear descendent trend with potential. Such a trend is

RT . . . .
expected as R = i where R is the universal gas constant, T is temperature, n is the electron
0

transfer number, F is the Faraday constant, and i, is the exchange current density [56]. In the
presence of M(II) only, the electrooxidation of M(II) to its higher valent form is kinetically
hindered until the oxidation potential is reached, accompanied by dramatic decrease of R¢ to 11.36
kQ (Co at 600 mV), 95.5 kQ (Cu at 650 mV), and 148 kQ (Ni at 600 mV). After adding glucose,
the Ree values are reduced, showing the faster rates of glucose electrooxidation than M(II)-OH
electrooxidation, except for Co(II) at 600 and 650 mV. As stated previously, the glucose inhibits
the essential Co(I1)-OH™ coordination to suppress the kinetically favored OER.
3.4 In situ UV-Vis spectroelectrochemical studies
(Figure 6)

In situ SPECE is a powerful tool for analyzing the reaction mechanism, especially of
homogenous electrocatalysis [37]. Herein, we studied the electrochemical behavior of Co(Il),
Cu(Il), and Ni(II) in a 0.1 M NaOH solution with and without glucose as a function of applied

potential (Figure 6). Different from previous studies, the concentration values of both metal ions
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and glucose are reduced to 0.2 and 0.5 mM, respectively, to ensure good signal-to-noise ratio while
not reaching the saturation of the detector. The experimental setup of the in situ SPECE is shown
in the supporting information as Figure S7a, and the possible interference due to the Au
honeycomb electrode has been ruled out as shown in Figure S7b.

For Co, no significant change is observed until the potential reaches 850 mV at which three
distinguishable signals appear at 365, 511, and 632 nm. They are due to the formation of Co3zO4 (a
combination of Co(Il) and Co(IIl) species) [57]. The negative peak at 230 nm indicates the
consumption of Co(OH)3™ species. The spectra obtained in the presence of glucose, however,
shows a different trend with a broad peak(s) between 250 and 500 nm forms at 950 mV, suggesting
the formation of Co(OH)> [58, 59]. Such difference shows that Co3O4 formation during OER is
impeded by glucose, possibly forming Co(Ill)-glucose and Co(IV)-glucose species. Meanwhile,
the Co(OH);3™ consumption peak vanishes, indicating a different species such as Co(II)-glucose
complex. As per Cu(Il), two distinctive peaks at 273 and 362 nm start to evolve from 650 mV.
After adding glucose, two peaks at 280 and 362 nm are found until the potential reaches 750 mV.
Those two peaks are identified as the characteristic peaks of CuO [60], which are produced due to
the OER-coupled reaction. The difference in CuO formation potential observed after glucose
introduction suggests that glucose electrooxidation is dominant below 750 mV. From the spectrum
of Ni(II), a broad peak at 535 nm evolves from 450 mV, and another at 359 nm from 850 mV. The
former is assigned to Ni(OH)> [59], and the latter indicates NiIOOH. The disappearance of Ni(OH)»
after injecting glucose suggests the dominating Ni(Il)-glucose coordination, while an only
negligible indication of NiOOH at 359 nm persists at 950 mV, where OER starts.

3.5 Glucose electrooxidation mechanism

(Figure 7)
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Based on the above analysis, the glucose electrooxidation mechanism via transition metal ion
is proposed in Figure 7. Upon the glucose addition to the electrolyte containing metal ion species
M(II), the M(II)-glucose complex is formed via the coordination between d orbitals of metal and
the electron donating hydroxy group (OH) of glucose (structure 1 shown in Figure 7a). Such a
complex is engaged as the reactant in the double layer region with a finite diffusion manner. After
electron transfer from the complex to the electrode, an intermediate complex evolves (structure 2
in Figure 7a) featuring a high valent metal species coordinated by glucose.

For Cu and Ni (Figures 7a and 7b), the structure of M(III)-glucose is not stable and would go
through structural rearrangement, producing a more energetically stable M(II)-gluconolactone
complex (concentration distribution is shown as line 3 in Figure 7a). Eventually, the gluconate ion
is produced with the regeneration of M(II). The components previously used in the equivalent
electrical circuit (Figure 4d) can be related to different steps illustrated in Figure 7b. The mass
transfer of M(II)-glucose from bulk to electrode surface is described by the Warburg resistance
(Zy) featuring a finite-length diffusion pattern, which is followed by electrooxidation described by
Ret. As suggested by EIS results, the reaction rate is kinetically controlled by the charge transfer
rate from M(II)-glucose to the GCE (for detailed values, see Table 1).

In the case of Co, two intermediates are expected at a high applied potential (>600 mV),
namely Co(III)-glucose and Co(IV)-glucose (Figures 7¢ and 7d). The successive electrooxidation
of Co(Il)-glucose to Co(Ill)-glucose and Co(IV)-glucose is suggested by the Tafel plots, and R
describes its overall charge transfer process. The dissociation of Co(III)-gluconolactone complex
regenerates Co(III) species within the double layer region to form Co(III)-glucose intermediate in
a new cycle, and its transfer process is represented by the mass transfer resistance Z.

4. Conclusions
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To conclude, the electrooxidation of glucose catalyzed by homogenously dispersed transition
metal ions (Co, Cu, and Ni) in the alkaline electrolyte is studied. In the presence of glucose, the
oxidation potential of M(II) to its higher valent species decreases, due to the formation of the
metal-glucose complex where the OH- groups are replaced by glucose molecules. Under the same
conditions, the activity trend of Co(II) > Cu(II) > Ni(II) is suggested by the cyclic voltammetric
and chronoamperometric studies. As per glucose sensing properties, Co(Il) shows a sensitivity of
1,342 mA M! cm™, while 579 and 38.9 mA M! cm™ are achieved by using pM level Cu(II) and
Ni(Il), respectively. The EIS investigations reveal that no heterogonous coating layer is formed on
the electrode surface during the reaction, and a homogenous electrooxidation mechanism with rate-
determining charge transfer process is suggested for Co, Cu, and Ni. Evidences from in situ UV-
Vis spectroelectrochemical studies confirm that the extensively formed M(II)-glucose complex is
engaged for the electrooxidation other than M(II) hydroxide, and the OER route is blocked by
coordinated glucose molecules. Co(Il)-catalyzed reaction shows a potential-dependent
electrooxidation via the formation of Co(Ill)-glucose and Co(IV)-glucose complex, while both
Cu(Il) and Ni(IT) feature an intermediate of M(III)-glucose. The Co(Il)-glucose electrooxidation
presents the smallest charge transfer resistance and the highest charge transfer coefficient
compared with Cu(II)-glucose and Ni(II)-glucose, an explanation of its high activity.
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Figure 1. (a-c) CV plots of GCE in 0.1 M NaOH solution containing 1 mM M(II) (dotted line) and 1 mM

M(I) + glucose (1 mM, 5 mM, and 10 mM) (solid line): (a) Co; (b) Cu; (c) Ni. Only the first cycles are

shown for clarity. Insets show the enlarged forward scan between 0.40 and 0.80 V. The CV plot of GCE in

0.1 M NaOH is shown in black solid line for reference; (d) Tafel plots of glucose electrooxidation catalyzed

by 1 mM Co(Il), Cu(Il), and Ni(Il) in the presence of 5 mM glucose. (e) Stability test of glucose

electrooxidation using 1 mM Co(II), Cu(Il), and Ni(II) with 5 mM glucose. Applied potential is 600 mV in

all tests.
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Figure 2. (a) [llustration of procedures of using M(II) for glucose electrooxidation; (b) Illustration of the
corresponding amperometric responses upon the introduction of M(II) and glucose; (c) Amperometric
responses of bare GCE in 0.1 M NaOH at different applied potentials with 0.1 mM Co(Il) and 0.1 mM

glucose added stepwise.
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Figure 3. (a-c) The sensitivity of glucose detection at variou applied potentials using GCE in 0.1 M NaOH

solution containing 0.1 mM M(II): (a) Co; (b) Cu; (c) Ni. Sensitivity values are calculated based on three

amperometric tests; (d-f) The sensitivity of glucose detection at a selected applied potential using GCE in

0.1 M NaOH solution containing different concentrations of M(II) (0.5 uM ~ 1.0 mM): (d) Co at 550 mV;

(e) Cu at 600 mV; (f) Ni at 550 mV.
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Figure 4. Nyquist plots of GCE at 650 mV in 0.1 mM NaOH solution containing 1 mM M(I) (hollow
circle) and 1 mM M(II) + 5 mM glucose (solid circle): (a) Co; (b) Cu; (c) Ni. The plots of GCE in 0.1 M
NaOH is shown as reference (black solid circle). Dotted lines show the fitted half cycles; (d) Equivalent
electrical circuit employed for impedance spectroscopic analysis. (e) Nyquist plots of GCE at various
applied potentials (500, 550, 600, and 650 mV) in 0.1 mM NaOH solution containing 1 mM Co(II) (hollow

circle) and 1 mM Co(Il) + 5 mM glucose (solid circle).
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Figure 5. Fitted R (black circles) and R (red circles) values of the corresponding Nyquist plots under

different applied potentials obtained using GCE in 0.1 M NaOH solution containing 1 mM M(II) (hollow

circles) and 1 mM M(II) + 5 mM glucose (solid circles): (a) Co; (b) Cu; (¢) Ni.
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Figure 6. Background-subtracted in situ electrochemical UV-Vis spectra at various applied potentials in 0.1

M NaOH containing: (a) 0.2 mM Co(Il); (b) 0.2 mM Co(II) + 0.5 mM glucose; (¢) 0.2 mM Cu(Il); (d) 0.2

mM Cu(Il) + 0.5 mM glucose; () 0.2 mM Ni(Il); (f) 0.2 mM Ni(II) + 0.5 mM glucose. The spectra at 0 V

are used as the background.
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Figure 7. Proposed double layer structure during metal ion-mediated glucose electrooxidation: (a) Cu, Ni;

(¢) Co; Proposed mechanism of metal ion-mediated glucose electrooxidation: (b) Cu, Ni; (d) Co.
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Table 1. Kinetic aspects of glucose electrooxidation catalyzed by transition metal ions.

Co

Cu

Ni

Tafel slope' (mV dec™!)

362 (0.52 ~ 0.65 V)
117 (0.65 ~ 0.82 V)

549 (0.50 ~ 0.64 V)
271 (0.64 ~0.90 V)

285 (0.60 ~0.90 V)

0.157 (0.52 ~ 0.65 V)

0.107 (0.50 ~ 0.64 V)

Charge transfer coefficient? o 0.209 (0.60 ~ 0.90 V)

0.503 (0.65~0.82 V) | 0.219 (0.64~0.90 V)

Best sensitivity> (mA M em?) | 1342 (5 uM, 0.55 V) 579 (200 uM, 0.60 V) | 38.9 (10 uM, 0.55V)

Charge transfer resistance* (kQ2) | 8.98 18.4 37.4

! Tafel slope is obtained from CV with a scan rate of 5 mV s*!, M(II) concentration of 1 mM, and a glucose
concentration of 5 mM.

. . . RT 1 2.3RT 1
2 Charge transfer coefficients are calculated from the total current i, following o = — - - = . -,
F dE/dlni F dE/dlogi

3 Best sensitivity values are obtained at selected M(IT) concentration and voltage bias.
4 Charge transfer resistances are calculated based on EIS results at 0.65 V where 1 mM M(II) and 5 mM glucose
are used.
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