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ABSTRACT: The field of impact electrochemistry, namely,
electrochemical processes occurring at nanoparticles during
collisions with a substrate electrode, has recently been applied to
the recovery of commercially important metals. In this study, the
reduction and oxidation of solution Mn(II) were observed on
carbon black particles during nanoimpacts, with the onset
potentials of the reduction and oxidation processes in good
agreement with solution voltammetry. The formation of Mn(0)
and MnO2 was confirmed via scanning electron microscopy/
energy-dispersive X-ray (SEM/EDX) analysis and X-ray photo-
electron spectroscopy (XPS) analysis. Coverages of between 0.2
and 0.6 monolayer equivalents were obtained for the reductive
deposition of Mn, whereas for the anodic deposition of MnO2, a more complex picture was found due to the oxidation pathway from
Mn(II) to MnO2.

■ INTRODUCTION
The recovery of commercially important metals from waste
and/or recycling streams is imperative for their sustainable use
as well as minimizing harmful environmental and health
hazards associated with disposal. Current recovery methods
such as ion exchange,1 chemical precipitation,2 and adsorp-
tion/biosorption are generally not economically viable for low
concentrations of such metals as they involve costly
preconcentration and separation steps.3 These processes are
energy-intensive, involve consumption of considerable
amounts of reagent, and can generate secondary pollutants.4,5

Electrochemical techniques would appear well-suited to
metal recovery, with methods such as electrowinning and
electrodeposition boasting selective metal recovery in high
purity with a reduced solvent and energy consumption
compared to metallurgical methods.6,7 However, these
techniques usually require a high aqueous metal ion
concentration at the industrial scale which is not often the
case in waste effluent streams where there are trace
concentrations of commonly found heavy metals.8

Using nanoimpact electrochemistry to recover metal species
has numerous advantages compared to other electrochemical
methods in that it has a high rate of mass transport to the
nanoparticles and lessens the fouling of a single electrode by
providing high numbers of particles onto which the target
metal can be electroreduced.9 This technique involves the
introduction of nanoparticles into the solution (containing an
inert supporting electrolyte and analyte), which then move
under Brownian motion and can randomly collide with the
electrode;10−14 although convection can be applied if

required.15−17 When the working electrode is held at a suitable
potential, the particles themselves can either be reduced or
oxidized or upon collision the nanoparticles can provide a
surface where the oxidation/reduction of a species in solution
can take place.10 It is this latter impact experiment that is
relevant to metal deposition, where metal ions in solution can
be reduced onto the impacting nanoparticle during the
collision. Here, we assume that during impacts, the metal is
reduced onto the particle itself; however, when the working
electrode and particles are the same material (e.g., carbon),
competition can occur between these two materials, and there
is a possibility of metal ions being reduced/oxidized on the
electrode surface during “impact”. Analysis of the resulting
transient signals can determine a range of information
including nanoparticle size, concentration, and charge transfer
kinetics of a system.18−29 In the context of metal recovery,
there are few reports concerning the electrodeposition of
metals using nanoimpact electrochemistry, and until recently,
these were limited to metal nanoparticle cores only.30−32 More
recently, the electrodeposition of copper onto fly-ash ceno-
spheres and palladium on carbon black has been reported as
well as the rapid screening of bimetallic catalysts.9,33,34
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Manganese is a commercially significant metal used in
applications such as batteries and steelmaking.35,36 If
manganese is left untreated in wastewater, it can cause
detrimental health effects, in severe cases leading to
“manganism” affecting the central nervous system.36,37 Current
recovery methods of manganese from battery waste rely on
metallurgical techniques38,39 following an initial physical
separation step:40 a technique such as nanoimpact electro-
chemistry may be advantageous in terms of efficiency, as it can
simplify the recovery process.33 The bulk electrodeposition of
Mn has been well-studied in the literature, primarily in sulfate
and chloride solutions.41−43 Despite the higher current
efficiency observed when using chloride baths, it is conven-
tionally produced from manganese(II) sulfate/ammonium
sulfate solutions to avoid the formation of Cl2 gas and due
to the corrosive nature of the solution.44 Ammonium sulfate
acts as both an electrolyte and buffer in these solutions,44 and
it has been speculated that it prevents the formation of
insoluble manganese hydroxides during electrodeposition by
promoting the formation of soluble ammonium complexes.45,46

However, chemical analysis of manganese deposited in the
presence of (NH4)2SO4 still results in the presence of oxides
and hydroxides.47,48

Another commonly used additive is selenium dioxide which
has been shown to inhibit the hydrogen evolution reaction
(HER) through the reduction of Se(IV) to Se(0) on the
electrode surface, altering its morphology and electrochemical
properties such that the HER overpotential was increased.49,50

However, in addition to the toxic nature of SeO2, it also results
in contamination of the manganese deposits, and precipitation
of these compounds in the electrolyte can prove problematic.51

Organic additives such as carboxylic acids and polyacrylamide
have also been tested to improve the crystallinity of deposits
with limited success.52

In order to determine whether the nanoimpact method may
be a candidate for the recovery of aqueous Mn(II), this study
investigates the deposition of oxidation and reduction products
(MnO2 and Mn) from manganese(II) sulfate solution at
neutral pH on carbon black particles (CB, nominal diameter
50 nm) without the use of any additives. Scaled-up deposition
experiments were conducted to generate sufficient deposited
materials for characterization, and the reduction product was
confirmed by X-ray photoelectron spectroscopy (XPS) to
Ru(0) on CB, and the product of the oxidative impacts was
found to be predominantly α-MnO2 and MnOOH on CB by
Raman spectroscopy and XPS. The oxidative deposition
products are found to reflect the complex mechanism of the
formation of MnO2.

■ EXPERIMENTAL SECTION
The following chemicals were purchased and used without
further purification: manganese(II) sulfate monohydrate (99%,
Sigma-Aldrich), potassium sulfate (99%, Sigma-Aldrich), and
Vulcan XC 72R carbon black (Fuel Cell Store). All solutions
were made using ultrapure water (with a resistivity ≥18.2 MΩ·
cm). Solutions were thoroughly degassed using nitrogen
(oxygen-free, BOC Gases plc), and a nitrogen atmosphere
was maintained throughout experiments.
A three-electrode cell arrangement was used for all

electrochemical experiments consisting of a standard calomel
electrode (SCE, saturated with KCl) as the reference electrode,
a graphite rod (5 mm, Goodfellow Cambridge Ltd.) as the
counter electrode, and either a carbon fiber microelectrode

(diameters: 9, 33 μm, and array) or a glassy carbon (diameter:
3 mm) macroelectrode as the working electrode. The 9 μm
and array working electrodes were made in-house using pitch-
derived carbon fiber (Goodfellow Cambridge Ltd.), while the
33 μm carbon fiber electrode was purchased from IJ Cambria
Ltd. The glassy carbon (GC) electrode was made in-house
using glassy carbon rod purchased from Alfa Aesar. All of the
working electrodes were prepared by polishing on microcloth
pads with alumina suspensions of 1, 0.3, and 0.05 μm
sequentially (all from Buehler Inc.). Unless otherwise stated,
the reaction solution consisted of 0.5 mM MnSO4 and 20 mM
K2SO4. All standard electrochemical experiments were
conducted using an Autolab 128 N potentiostat (Metrohm-
Autolab BV, Netherlands) controlled by a PC with Nova 2.1
software.
For impact experiments, the solution had carbon black

nanoparticles (number concentration of 5 pM) added to it.
The carbon black (CB) suspension was sonicated for 30 min
before use. Chronoamperograms (duration of 30 s) were
conducted using the same three-electrode cell as described
previously in a bespoke low-noise potentiostat controlled by a
PC with PyFemto software.9 Impact electrochemical data were
analyzed following electronic filtration (digital) at 250 Hz to
improve the signal-to-noise ratio and facilitate analysis. Impact
spikes were analyzed by using OriginPro 2021 software for
spike identification and integration: the baseline was set using
the filtered data in short time sections, and the peak search was
automated based on a threshold criterion that the spike height
should be at least 80% of the that of the largest spike signal, in
order to give confidence that random noise signals were not
counted.
Long-term impact experiments were performed in the

solution stated above with the addition of higher-concentration
carbon black nanoparticles (500 pM). The three-electrode cell
used consisted of a saturated SCE reference electrode in a
separate fritted compartment, graphite plate electrode
(diameter: 2.5 cm) as the working electrode, and graphite
rods (Alfa Aesar) as the counter electrode. The post-
chronoamperometric solution was filtered and washed under
vacuum using Anodisc 47 filter paper with a pore size of 0.02
μm and a diameter of 47 mm, and the resulting filter cake was
dried at 40 °C. For the XPS characterization, the samples were
analyzed (at NMRC, University of Nottingham) using a Kratos
Liquid Phase Photoelectron Spectrometer (LiPPS, in dry
sample mode) with monochromated Al Kα X-ray source
(1486.6 eV) operated at 10 mA emission current and 12 kV
anode potential (120 W). Data processing was conducted
using CASAXPS software (version 2.3.20) for Shirley back-
ground subtraction, and peak deconvolution was conducted
using a Voigt lineshape function on OriginPro 2021.
For scanning electron microscopy/energy-dispersive X-ray

(SEM/EDX) analysis, GC tips were removed post-chronoam-
perometric scan from the plating solution, attached to carbon
tape, and examined using a Hitachi TM3030 Plus electron
microscope. For Raman spectroscopy analysis, a Renishaw
inVia microscope with a 532 nm laser was used. All data were
processed using a combination of Microsoft Excel and
OriginPro 2021.

■ RESULTS AND DISCUSSION
To study the electrodeposition of manganese on carbon, cyclic
voltammetry studies were conducted using a 33 μm carbon
fiber working electrode. An onset potential has been defined as
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a sufficiently negative or positive potential to generate a
current response,9 although it can be a controversial parameter
due to the range of ways in which it can be defined, many of
which are (semi)arbitrary and occasionally have limited
physical meaning.53 In this case, a current of ±5.0 pA has
been used to define the onset potential, based on the observed
faradaic currents in both the cathodic and anodic processes
(see Figure 1). First, a cyclic voltammogram (CV) was
recorded in a solution of 20 mM K2SO4 at a voltage scan rate
of 100 mV s−1, scanning negatively (cathodically) from 0 V (vs
SCE) as a control experiment (see Figure 1A). Then, the CV
was repeated in a solution containing 0.5 mM MnSO4 and 20
mM K2SO4, and the reduction of Mn(II) was observed (see eq
1) with an onset potential of −1.44 V (vs SCE) as shown in
Figure 1A and in good agreement with the literature.44

Mn 2e Mn2 ++ (1)

Next, the electrode was thoroughly polished and then
scanned in the same degassed solution in the positive (anodic)
direction. An oxidative process was observed, and Figure 1B
shows the result of these CV scans in 20 mM K2SO4 and 0.5
mM MnSO4/20 mM K2SO4 solutions at a scan rate of 100 mV
s−1. The onset potential of the oxidation, according to the
previous definition, was observed at +0.48 V (vs SCE) in good

agreement with the literature54 corresponding to the oxidation
of Mn2+(aq) to produce MnO2, as illustrated in the overall eq 2
below.55 However, it has been reported that it is unlikely to
occur directly and instead occurs via a multistep reaction. The
first step in this mechanism is the oxidation of adsorbed Mn2+
ions on the electrode surface to Mn3+ (eq 3), followed by
either disproportionation to produce Mn2+ and Mn4+ (eq 4) or
hydrolysis to produce an intermediate MnOOH (eq 6)
depending on the stability of the Mn3+ ion in solution. At
pH 7, Mn3+ is shown to be thermodynamically unstable with
respect to disproportionation (see Section A of the Supporting
Information for calculations). Equations 5 and 7 involving the
precipitation of MnO2 are reported to be kinetically slow.55−60

Mn (aq) 2H O(l) MnO (s) 4H (aq) 2e2
2 2+ + ++ +

(2)

Mn (ads) Mn (aq) e2 3 ++ + (3)

Disproportionation pathway

2Mn (aq) Mn (aq) Mn (aq)3 2 4++ + + (4)

Mn (aq) 2H O(l) MnO (s) 4H (aq)4
2 2+ ++ + (5)

Hydrolysis pathway

Figure 1. Cyclic voltammograms (−, solid black line) conducted in 20 mM K2SO4 and (--, dashed black lines) conducted in 20 mM K2SO4 and 0.5
mM MnSO4, respectively, for (A) reductive scans and (B) oxidative scans. Both CVs were recorded using a bare 33 μm carbon fiber working
electrode at a scan rate of 100 mV s−1. A dashed red line (--, dashed red lines) is used to indicate the onset potential at ±5.0 pA.

Figure 2. Graphs showing (A) the average Mn/CB ratio based on weight percent obtained via SEM/ EDX analysis at 2000× for GC tips removed
from the post-chronoamperometric solution (containing 10 mM MnSO4 and 20 mM K2SO4) across various potentials and (B) the integrated
charge (Q/mC) from the respective chronoamperograms.
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Mn (aq) 2H O (l) MnOOH(s) 3H (aq)3
2+ ++ + (6)

MnOOH(s) MnO (s) H (aq) e2 + ++ (7)

The electrodeposition of manganese and manganese dioxide
on carbon working electrodes was further investigated using
SEM/EDX analysis to establish a potential window to use in
the impact electrochemistry experiments. A chronoampero-
metric experiment was conducted in a degassed solution
containing 20 mM potassium sulfate and 10 mM manganese
sulfate for 5 min at various potentials between −1.6 and +1.0 V
(vs SCE). The tip of the GC working electrode was then
analyzed using SEM/EDX. Figure 2A shows the average
manganese-to-carbon ratio obtained using EDX analysis at a
magnification of 2000×. Significant levels of manganese were
observed at overpotentials negative of −1.45 V (vs SCE),
consistent with the onset potential for Mn(II) reduction.
Significant levels of manganese were also observed at
overpotentials positive of +0.8 V (vs SCE). A small amount
of manganese was observed at potentials between +0.5 and
+0.8 V (vs SCE), which is consistent with the onset potential
for Mn(II) oxidation as previously stated. The resulting charge
from integration of the chronoamperograms is shown in Figure
2B. SEM images of the GC electrodes were obtained at a
magnification of 2000× at these two potentials, showing a
needle-type structure for the electrode held at −1.6 V vs SCE
and a continuous film with some defects for the electrode held
at 1.0 V vs SCE (See Section B of the Supporting
Information).

■ NANOIMPACT EXPERIMENTS
To determine whether impacts could be detected due to
manganese reduction and oxidation processes, chronoamper-
ometry was conducted with and without the addition of carbon
black (5 pM) in a solution containing 0.5 mM MnSO4 and 20
mM K2SO4 at a series of potentials from +0.9 to −1.6 V (vs
SCE). Impact experiments were performed at potentials from
−1.4 to −1.6 V (vs SCE) to observe the reduction process (eq
1). Impacts were observed with an onset potential of −1.45 ±
0.01 V (vs SCE), in good agreement with Figure 1, and a plot
of the charge passed (Q/fC) is given in Figure 3 along with a
typical chronoamperogram. It is noted that a variety of spike
forms are present from single sharp features to larger “step on,
step off”-type signals, indicating a range of impact durations
and particle−electrode interactions33,61 as shown in Figure 3A.
Figure 3B shows the variation in charge passed per impact with
potential and the onset potential of ca. −1.45 V (vs SCE). The
apparent trend of the lowering in mean charge passed per
impact as overpotential increases is due to some data points
skewing the mean�hence the large overlapping error bars.
Impact experiments are often subject to significant variation
due to the multiple factors that contribute to the range of
charges measured at each potential, such as the number of
measurements, the size of impacting particle (single vs
aggregated), the shape of the impact signal (sharp single
spikes vs “bursts” of spikes vs step on−step off spikes), and
other reactions that may occur on the particles at those
potentials (e.g., hydrogen evolution etc.).
The calculated coverage (Figure 3C) at all potentials was

found to be less than monolayer (see the SI for calculations),
indicating slow kinetics for manganese reduction.
Analogous impact experiments were conducted between

+0.40 and +0.90 V vs SCE to investigate the oxidation of

Mn(II), and these results are shown in Figure 4. The onset of
oxidative spikes was observed at +0.50 ± 0.01 V (vs SCE) also
in good agreement with Figure 1. An example of a typical
chronoamperogram is shown in Figure 4A, along with the
integrated average charges of the oxidative impacts (Figure
4B).
To obtain direct evidence of Mn deposition on the carbon

black nanoparticles, the experiment was scaled up to a 500 mL
cell and a 5 h chronoamperogram was recorded at a potential
of −1.60 V vs SCE, as this provided a significant overpotential
compared to the onset potential of −1.44 V (vs SCE). A three-
electrode cell consisting of a saturated SCE (KCl) as the
reference electrode encased in a separate fritted compartment,
a graphite plate as the working electrode, and graphite rod as
the counter electrode was used in a solution containing 20 mM

Figure 3. (A) Representative 30 s chronoamperogram conducted in a
solution containing 0.5 mM MnSO4 and 20 mM K2SO4 solution with
a 9 μm CF electrode held at −1.6 V vs SCE before (i) and after (ii)
the addition of 5 pM carbon black nanoparticles with an inset example
of two zoomed in different impacts indicating different particle−
electrode interactions. (B) Integrated charge (Q/fC) from impact
events from −1.4 to −1.6 V vs SCE with bracketed numbers
indicating the number of impacts analyzed at the respective potential.
(C) Calculated coverage of manganese on carbon black.
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K2SO4 and 0.5 mM MnSO4 with the addition of 500 pM
carbon black nanoparticles. The reaction solution was
thoroughly deoxygenated and kept under constant agitation
with nitrogen gas to maintain an oxygen-free solution, prevent
sedimentation of the carbon black suspension, and increase the
number of impact events. After the experiment, the solution
was filtered and dried at 40 °C to yield the modified carbon
black particles, which were analyzed using SEM/EDX, which
revealed the presence of deposited manganese in an average
carbon to manganese-to-carbon weight percent ratio of 0.030
± 0.007 as displayed in Table 1 (for further EDX spectra and
SEM images see Section C of the Supporting Information).

The upscaled experiment was repeated for the manganese
oxidation process using potentials of +0.50 V (onset of
oxidative spikes) and +0.70 V vs SCE. Following the filtration
of the solution, the SEM/EDX analysis of the resulting carbon
black powder surprisingly revealed manganese deposited at
+0.50 V with only trace detected at +0.70 V (see Table 1). We
postulate that this is due to the complex nonequilibrium
pathways of MnOx formation on the nanoscale,62−67 which

often involve metastable states such as α-,β-,γ-MnOOH.
Density functional theory (DFT) calculations reported by
Ceder et al.64 suggest that the above oxidizing potentials of
+0.50 and +0.70 V (vs SCE) would correspond to metastable
states of β-MnOOH and γ-MnOOH/MnO2 (rutile), respec-
tively. The picture is further complicated by the stability of the
states being dependent on size (surface energy) as well as pH
and potential,64 which suggest that MnOOH and MnO2
species may not be stable below several nanometers. We
conclude that the significant decrease in the amount of Mn
detected from impacts recorded at +0.5 to +0.7 V (vs SCE)
indicates the interplay between the kinetics of the Mn(II)
oxidation, with the relative stability of the metastable
oxyhydroxide and oxide species as nucleating nanoclusters at
the two potentials.
At very low overpotentials (i.e., close to the onset potential

for observation of current spike signals), a black deposit was
observed on the graphite electrode surface, which was
confirmed to contain manganese and oxygen via SEM/EDX
(see Section C of the Supporting Information), suggesting that
deposition of MnOx had preferentially occurred on the
substrate electrode.
Raman spectroscopy was used to provide evidence on the

identity of the MnOx species due to its use in characterizing
manganese oxides.68−73 The Raman spectrum of the substrate
electrode surface (Figure 5) exhibited 4 strong bands at 138,
501, 575, and 654 cm−1 as well as weaker bands at 301, 746,
and 610 cm−1 and a broad feature at 187 cm−1. No peaks were
present in the spectrum of the unmodified graphite plate
electrode (see Figure 5) in the chosen range (100−1000
cm−1), indicating that the peaks were due to an electro-
deposited manganese species and not due to the graphite
electrode.
Table 2 shows the tabulated Raman signals of the recorded

spectrum (Figure 5) compared to literature values for shifts
corresponding to that of α, β, and γ forms of MnO2.

69,71−73

The recorded Raman spectrum exhibits all of the peaks
reported in literature corresponding to α-MnO2 (187, 387,
577, and 654 cm−1). The latter two bands (577 and 654 cm−1)
correspond to the two symmetric vibrations of Mn−O
characteristic of α-MnO2.

69 The sharp band exhibited at 387
cm−1 is due to the Mn−O bending vibration.71,72 It is reported
that the formation of the crystal phase of MnO2 is largely
dictated by the potassium concentration; the α-MnO2 (2 × 2)

Figure 4. (A) Representative 30 s chronoamperogram conducted in a solution containing 0.5 mM MnSO4 and 20 mM K2SO4 with a 9 μm CF
electrode held at +0.90 V vs SCE before (i) and after (ii) the addition of 5 pM carbon black nanoparticles with an inset of different zoomed in
impact events. (B) Integrated charge (Q/fC) from impact events ranging from a potential of +0.40 to +0.90 V vs SCE with bracketed numbers
indicating the number of impacts analyzed at the respective potential.

Table 1. Manganese Content for Unmodified CB
Nanoparticles, the Sample Held at −1.6, +0.5, and +0.7 V vs
SCE during Chronoamperometrya

CB NP samples SEM/EDX average weight% ratio Mn/CB

unmodified 0
−1.6 V vs SCE 0.0300 ± 0.0070
+0.5 V vs SCE 0.0200 ± 0.0070
+0.7 V vs SCE 0.0003 ± 0.0002

aPicture shows an SEM image of Mn/CB deposited at +0.5 V vs SCE.
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tunnel can be stabilized by K+ ions present in the K2SO4
supporting electrolyte, which may explain the formation of this
crystal phase.70

In addition to these peaks, the spectrum exhibits weaker
shifts at 138, 301, 501, 610, and 746 cm−1, which do not
correspond with bands observed in the α-MnO2 Raman
spectra presented in the literature.69,71,72 Some of these
remaining peaks (138, 301, 501, and 746 cm−1) are present
in β-MnO2,

73 γ-MnO2, and MnOOH69 Raman spectra (see
Table 1), in addition to peaks in similar positions to that of α-
MnO2, which may lead to some potential overlapping of peaks
in the spectra. We postulate the electrodeposited species is
therefore predominantly α-MnO2 with small amounts of β-
MnO2 γ-MnO2 and unreacted MnOOH consistent with the
previously described hydrolysis pathway for the mechanism of
the oxidation of manganese dioxide (see eqs 6 and 7).55

To attempt to prevent deposition on the electrode, the
upscaled experiment was repeated at the lower potential of
+0.50 V (vs SCE), that is, corresponding to the onset potential
of MnO2 deposition. The dried carbon particles were analyzed
first using SEM/EDX revealing an average weight percent ratio
of manganese to carbon of 0.020 ± 0.007 (see Table 1). XPS
was used to elucidate the identity of the electrodeposited
species. The Mn 2p spectrum is displayed in Figure 6 in which
spin−orbit coupling is observed as expected, resulting in a
doublet consisting of a 2p3/2 peak centered at a binding energy
of 639.4 eV, which is twice the intensity of the 2p1/2 peak
centered at 650.6 eV. In addition to these two peaks, a small
broad feature is observed to the left of the Mn 2p3/2 and Mn
2p1/2 peaks at 640.1 and 651.7 eV, respectively, which could
indicate the presence of “shake-off” satellite peaks, a feature
commonly observed in Mn 2p spectra74 arising from a core
electron being removed completely by photoionization. The
assignment of the Mn 2p3/2 and Mn 2p1/2 peaks can be
somewhat ambiguous due to the small difference in binding
energies observed for Mn(III) and Mn(IV).74−77 For this
reason, the deconvolution of the four peaks was conducted for
a number of possible scenarios consisting of the sole presence
of Mn(III) or Mn(IV) and the combination of these two
species with and without the presence of the satellite peaks.
The best fit (R2 = 0.929) was achieved for the presence of
Mn(III) and Mn(IV) peaks with satellite peaks (see SI Section
E for further Mn 2p XPS spectra and fitting). This is consistent
with the MnOOH and MnO2 species observed previously on
the graphite substrate electrode using Raman spectroscopy
(Figure 5 and Table 2). Furthermore, the O 1s spectra (Figure

Figure 5. Raman spectrum of (i) the unmodified graphite plate
electrode and (ii) the graphite plate electrode with electrodeposited
Mn species.

Table 2. Raman Shift Values Obtained from the Spectrum in
Figure 4 Compared to Literature Values for α-MnO2, β-
MnO2, γ-MnO2, and MnOOHa

Experimental
Raman shift/

cm−1
α-MnO2 Raman shift/

cm−1

β-MnO2
Raman
shift/
cm−1

γ-MnO2
Raman
shift/
cm−1

MnOOH
Raman
shift/
cm−1

References 69 71 72 73 69 69
746 - - - 750 770 625
654 649 640 636 667 658 560
610 - - - 538 582 530
575 582 585 574 - 527 494
501 - 515 - - 494 389
387 392 386 387 - - 359
296 - - - - 278 285
187 185 184 183.2 - - 259
138 - - - - - 148

aAssignment of shifts are given in the text.

Figure 6. XPS spectra of 0.5 V vs SCE modified CB NP consisting of (A) the high-resolution Mn 2p XPS spectrum with a cumulative peak fit
shown in gray. Core-level 2p3/2 peak fitting for Mn(III) shown in (solid red line) and (solid dark blue line) for Mn(IV) with their corresponding
satellite peaks shown in (solid green line) and (solid yellow line), respectively. Core-level 2p1/2 peak fitting for Mn(III) shown in (solid light blue
line) and (solid pink line) for Mn(IV) with their corresponding satellite peaks shown in (solid sky blue line) and (solid brown line) respectively.
(B) High-resolution O 1s level with peak fitting shown in (solid red line).
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6B) exhibit a broad peak centered at a binding energy of 529
eV, which is indicative of O2− present.77

■ CONCLUSIONS
Microelectrode studies and macroelectrode studies on GC
indicated that the onset for Mn(II) reduction and oxidation
agrees well with the literature. Using impact electrochemistry,
Mn(II) reduction and oxidation onto carbon black nano-
particles were demonstrated, where the switch on potential
aligns with previously observed onset potentials (−1.44 V vs
SCE and +0.5 V vs SCE), respectively. The upscaled impact
experiment gave direct evidence for Mn deposition on carbon
black shown by SEM/EDX analysis. Lower than expected
amounts of MnO2 were found on the CB NPs, in addition to
some intermediate species, which we postulate was due to the
mechanism of oxidation of Mn(II). For the development of
this method for depositing metals, the use of carbon black
particles with a carbon substrate electrode limits the efficiency
of deposition/recovery: alternative electrode materials with
higher overpotentials for the reduction of the metal of interest
should be used to achieve better selectivity in the deposition
(i.e., depositing wholly onto the CB particles and not the
substrate electrode). Ideally these materials should also have
high overpotentials for the hydrogen evolution reaction, and
current work is underway to explore the fabrication and use of
alternative materials (such as BDD) as microelectrodes for use
in this way.
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