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The reduction and subsequent oxidation of silver hollandite nanorods, Ag1.5Mn8O16, were explored in aqueous ZnSO4 electrolyte for
the first time. The impact of reduction on the electrodes was probed where images of recovered cathodes were collected to evaluate
the changes in morphology, structural, and electrochemical properties as a function of varying potential. Ag metal particle formation
upon reduction was observed on reduction through a reduction-displacement reaction as confirmed by SEM/EDS, XRD, and XAS
results accompanied by a decrease in charge transfer impedance, as determined by electrochemical impedance spectroscopy. On
charge, in contrast to the reduction/oxidation electrochemistry in non-aqueous media where irreversible formation of silver metal was
observed, disappearance of the silver metal is observed indicating oxidation of the silver centers is facilitated in aqueous electrolyte.
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Rechargeable aqueous Zn/MnO2 batteries are considered viable
alternatives to lithium ion batteries for some applications owing to the
high abundance and safety associated with both Zn and MnO2, along
with the intrinsic nonflammability and the high ionic conductivity of
the aqueous electrolyte.1–4 In traditional alkaline electrolyte systems,
several irreversible byproducts usually form on the anode (ZnO or
Zn(OH)2) and the cathode (Mn(OH)2, Mn3O4, and Mn2O3), resulting
in capacity fade and poor Coulombic efficiencies.5,6 Recently, neu-
tral or mild acidic aqueous electrolytes were utilized in rechargeable
aqueous Zn/MnO2 battery to improve the electrochemical function.7,8

Charge/discharge mechanisms for MnO2 have been reported to be ei-
ther reversible Zn2+ 2,9,10 and/or H+1 insertion/extraction.7 Hollandite-
type α-MnO2 materials are of interest from an electrochemical per-
spective due to their high surface area to volume nanorod morphol-
ogy, ability to accommodate a wide array of ions into their structural
tunnels (K+,Ag+,Li+ ,Na+,Zn2+) and synthetic versatility.6,11 Struc-
turally, α-MnO2 materials are composed of MnO6 octahedral double
chains that are edge- and corner-sharing with adjacent double chains
in the plane to form (2 × 2) tunnel structures, that can accommo-
date different tunnel cations.12 α-MnO2 nanofibers were previously
used as a cathode material in mild aqueous ZnSO4-based electrolyte,
which demonstrated an operating voltage of 1.44 V, and a capacity of
285 mAh/g at C/3 rate attributed to a chemical conversion reactions
betweenα-MnO2 and H+.1 Nanofibers of α-MnO2 prepared hydrother-
mally were previously reported to reduce via a Zn2+ insertion mech-
anism with the reversible formation of the layered manganese ox-
ide birnessite.13 A microemulsion synthesis of α-MnO2 material de-
livered capacity of 210 mAh/g at 0.5C,2 while in a separate study,
α-MnO2 nanorods delivered an initial capacity of 233 mAh/g and
gradually faded to 147 mAh/g in cycle 15 at a current density of
83 mA/g.14

Recently, Ag+ stabilized hollandites (AgxMn8O16) have been
extensively explored as cathode materials in Li-ion12,15 and Na-
ion6,12 based nonaqueous battery systems. Silver ions are located
in the α-MnO2 tunnels to stabilize the tunnels and it has been ob-
served that the presence of Ag+ reduces the a, b dimensions of
the unit cell relative to a material with no metal cation located in
the tunnel.12,16 Ag+ hollandite exhibited formation of conductive
Ag0 nanoparticles upon discharge through a reduction-displacement

∗Electrochemical Society Fellow.
∗∗Electrochemical Society Member.

zE-mail: esther.takeuchi@stonybrook.edu; amy.marschilok@stonybrook.edu;
kenneth.takeuchi.1@stonybrook.edu

reaction.6,12 The presence of Ag0 nanoparticles has been linked to
lower cell resistances and improved electronic conductivity.17 In-
terestingly, previous studies in nonaqueous battery systems6,18 have
indicated a significant difference in the lithiation versus sodiation
process of the AgxMn8O16 materials. Specifically, a significant de-
crease in charge transfer resistance after 1.5 electron equivalents per
Ag1.2Mn8O16formula unit of Na ion insertion was observed while in
contrast, gradual impedance increase was noted during lithiation.6 The
impedance decrease upon sodiation was coincident with the formation
of silver metal during the early discharge process, while Ag forma-
tion can be only detected after 6 electron equivalents of lithiation
in the lithium system,18 which indicated the earlier formation of sil-
ver metal during the sodiation process relative to the lithation pro-
cess. Given the strong electrochemical foundation of AgxMn8O16 (x
= 1.2-1.6) in organic electrolyte batteries, it is worthwhile to probe
if the positive attributes of Ag+ stabilized hollandite are translatable
to other electrochemical cell chemistries, specifically the aqueous Zn
system.

Two recent reports have recently evaluated the role of zinc in-
tercalation when a metal cation (either Ag+ or Cu2+) is included
in a vanadium oxide-based cathode.19,20 For example, in aqueous
Zn/Ag0.4V2O5 cells, a combination of a displacement and inter-
calation mechanism (CDI) was reported for Zn2+ insertion. The
CDI can be described as providing two options for Zn2+ inser-
tion, where in the displacement process the transition metal cation
(i.e. Ag+) would be replaced by Zn2+ and in the intercalation pro-
cess the Zn2+ would (de)insert into vacant sites in the V2O5 host
structure. Displacement of Ag+ by Zn2+ was demonstrated by the
appearance of a Zn2(V3O8)2 phase upon discharging (to 0.4V vs.
Zn/Zn2+), and a disappearance of this phase upon charging to 1.4 V.
This reversible peak growth was attributed to Zn2+/Ag+ displace-
ment reaction during Zn2+ insertion/extraction which also resulted
in the formation of the reduction of silver from Ag+ to Ag0, form-
ing conductive Ag0 network.19 In aqueous Zn/copper pyrovanadate
(Cu3(OH)2V2O7·2H2O) cells, a reduction-displacement mechanism
was reported to stem from the insertion of Zn2+ to the reduction of
Cu2+ to mixed Cu0/Cu+ and partial vanadium reduction from V5+ to
V4+. Upon charging to 1.4V, most of the Cu0/Cu+ was oxidized back
to Cu+/Cu2+ and the vanadium was oxidized back to V5+. During
discharge, the insertion of Zn2+ lead to a new phase of zinc vana-
date (Zn0.25V2O5·H2O), which was characterized by ex situ XRD and
HRTEM. Simultaneous to Zn2+ insertion was the reduction of Cu2+

to mixed Cu+/Cu0, verified by ex situ XPS, and HRTEM/EDS not-
ing preference for Cu0 nanoparticle formation on the surface. While
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general reversibility was observed upon charging, there was some
Zn2+ that did not extract fully and was attributed to be the underlying
reason for observed capacity fade.20 Additionally, mixed vanadium va-
lence cathodes and the incorporation of potassium into Mn8O16 were
also shown to improve charge transport or reduce Mn dissolution in
ZIB. A mixed vanadium valence cathode (V4+-V2O5) was prepared
from VOOH, which was subsequently used in aqueous Zn cells with
2M ZnSO4 electrolyte. The presence of V4+ was attributed to the in-
creased electrochemical activity, reduced polarization and enhanced
charge transport when compared to V2O5,21 and the incorporation of
potassium into Mn8O16 with oxygen defect sites was also shown to
suppress manganese dissolution.22

There have been no prior reports utilizing AgxMn8O16 com-
positions as cathode materials for rechargeable aqueous Zn/MnO2

batteries. Herein, Ag1.5Mn8O16 nanorods were prepared using a
facile reflux method, and subsequently tested as cathode materi-
als for aqueous Zn/MnO2 batteries in ZnSO4 based electrolyte. The
impact of tunnel Ag+ ions on the resulting electrochemistry was
probed through the use of cyclic voltammetry, galvanostatic dis-
charge, scanning electrochemical microscopy, X-ray diffraction, X-
ray photoelectron spectroscopy, scanning electron microscopy and
X-ray micro- fluorescence spectroscopy. A reaction mechanism spe-
cific to the Ag1.5Mn8O16 materials in aqueous zinc ion batteries has
been proposed supported by the results of the various characterization
techniques.

Experimental

Synthesis and characterization of Ag1.5Mn8O16 nanorods.—
Ag1.5Mn8O16 nanorods were synthesized through a reflux procedure
in ambient atmosphere as previously reported.12,23 Briefly, aqueous
MnSO4 was added dropwise to an AgMnO4 solution and then brought
to reflux conditions for 15 hours. The resulting material was isolated,
washed with deionized H2O and dried. The materials were heat treated
at 300°C for 6 hours in air prior to use.

XRD analysis was performed on a Rigaku MiniFlex 600 using
copper K-alpha radiation, indexed with the silver hollandite crystal
structure24 and matched via Rietveld Refinement. Crystallite size was
determined using the Scherrer equation applied to the (211) peak
at 37o 2θ. Chemical composition analysis of cationic species was
performed using a Thermo-Fisher iCAP-6300 Inductively Coupled
Plasma – Optical Emission Spectrometer (ICP-OES). Oxygen content
was estimated through thermogravimetric analysis (TGA) using a TA
Instruments Q600.

Electrochemical measurements.—Electrodes were prepared by
combining Ag1.5Mn8O16, carbon and poly vinylidene difluoride
at a weight ratio of 7:2:1 in N-methyl pyrrolidone and casting
the slurry onto stainless steel foil. The active mass loading is
∼1.5 mg/cm2. Coin type cells were assembled using Ag1.5Mn8O16

electrodes, glass fiber separators and Zn foil with 2 M ZnSO4 aqueous
electrolyte.

Cyclic voltammetry (CV) testing was performed in a two-electrode
coin cell with Ag1.5Mn8O16 as cathode and zinc metal as counter and
reference electrodes, using a Bio-Logic potentiostat at a scan rate of
0.2 mV/s. Charge-discharge behavior in a voltage window between
1.0-1.8V was conducted using a Maccor testing system. Electrochem-
ical impedance spectra (EIS) were obtained over a frequency range of
1 MHz to 10mHz, with an AC amplitude of 10 mV using a Bio-Logic
potentiostat. All the electrochemical measurements were performed
at 30°C.

Scanning vibrating probe (SVP) is an alternating current (AC) tech-
nique which measures the potential difference between the two end-
positions of the vibrating probe (across vibration amplitude) due to
ionic current flow in the electrolyte solution.25–28 The SVP experiment
was conducted using a commercially available instrument (Bio-Logic,
M470) in 0.5 M ZnSO4(aq) with a three electrode set up as shown in

Figure 1. Schematic of Scanning Vibrating Probe (SVP) experimental setup,
where the probe vibrates along the z direction and scans over the x-y
plane.

Figure 1. The Ag1.5Mn8O16 electrode (70/20/10, active/carbon/PVDF)
on stainless steel foil current collector was affixed to a Bio-Logic
cell and leveled using a spirit level to prevent sample tilt. The elec-
trode sample on stainless steel foil was used as the working electrode,
with an Ag/AgCl reference electrode (RE), and a Pt counter electrode
(CE). The input voltage (Vin) of the electrometer was connected to
the counter electrode to provide a stable potential in which the po-
tential difference was measured in the electrolyte solution of 0.5M
aqueous zinc sulfate (ZnSO4). Constant potential measurements were
carried out for 10 minutes at 0.8V and 0.6V (v. Zn/Zn2+) followed by
an SVP measurement after each reduction. SVP measurements were
performed on a scan area up to 2mm by 4mm using a 25μm step size,
at a scanning velocity of 1000 μm/s with a line delay of 2 seconds.
The constant potential-SVP measurements were performed sequen-
tially without changing the sample or the probe-sample distance. The
probe-sample distance was ∼100μm, with a vibration amplitude of
30μm.

Post-electrochemical testing analysis of Ag1.5Mn8O16 electrodes.—
Scanning electron microscopy and energy dispersive X-ray spec-
troscopy (SEM-EDX) analysis of the electrodes were conducted us-
ing a JEOL 7600F instrument equipped with an EDX detector. SEM-
EDX analysis was performed over the pristine sample and samples
(dis)charged at different potentials. All the electrodes were rinsed with
deionized water to remove residual electrolyte salts prior to data col-
lection. SEM images were collected using a low-angle backscattered
electron detector.

X-ray microfluorescence (μ-XRF) mapping with corresponding
ex-situ Mn K-edge X-ray absorption near edge structure (XANES)
measurements were collected at 5-ID of the National Synchrotron
Light Source II (NSLS-II) at Brookhaven National Laboratory. Self-
supporting electrodes were fabricated with silver hollandite ac-
tive material and carbon nanotubes (1:1 mass ratio) as described
previously.29,30 After electrochemical testing, the working electrodes
were recovered, rinsed, and sealed between polyimide film. The energy
of the beam was calibrated using a Mn reference foil at 6539 eV. Dur-
ing mapping, the energy was set to 6700 eV. The collected XANES
spectra were background subtracted, aligned, and normalized using
the Athena software package.31

XRD and XAS analyses were conducted on samples recovered
after discharge to 1.0 V, and a sample discharged to 1.0 V and then
charged to 1.8 V at 50 mA/g. XRD was collected using a Rigaku
Smart Lab diffractometer with copper Kα radiation (λ = 1.5406 Å)
from 5 to 80° 2-theta. Transmission XAS Ag K-edge data were col-
lected at the 7-BM beamline of the National Synchrotron Light Source
II at Brookhaven National Laboratory in Upton, NY. The beam was
calibrated to 25,514 eV using an Ag reference foil. The ion cham-
bers were optimized for 10% and 70% absorbance in the incident and
transmission ion chambers, respectively. The pristine, discharged, and
charged electrodes were prepared between polyimide tape. XAS spec-
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Figure 2. Characterization of silver hollandite, Ag1.5Mn8O16, a. X-ray diffraction and b. thermogravimetric analysis.

tra were calibrated, normalized, and merged using the Athena software
package.31 Each XAS spectrum represents a merge of 16 individual
scans.

Results and Discussion

The synthesized sample was characterized through a combination
of X-ray diffraction, ICP-OES and thermogravimetric analysis. Anal-
ysis of the X-ray diffraction data indicated a phase pure diffraction
pattern consistent with silver hollandite.24 The Scherrer equation was
applied to the (211) peak at 37o 2θ, for a crystallite size determination
of 15 nm.32 ICP-OES characterization showed a cationic chemical ra-
tio of 1.46:8 Ag:Mn. TGA analysis was used to quantify the oxygen
content of the samples using the method as previously reported.33–35

Mass loss indicated an oxygen deficiency of 0.04 leading to a final
composition of Ag1.46Mn8O15.96. Elsewhere the formula is shown as
Ag1.5Mn8O16 for simplicity.

The electrochemistry of the Ag1.5Mn8O16 cathodes was evaluated
by cyclic voltammetry in 2M ZnSO4 electrolyte at a scan rate of
0.2mV/s. A sharp peak at around 1.06 V was observed during the 1st

cathodic scan (Figure 3a). In the subsequent cycle, the cathodic peak
was located at 1.35 V and an overlapped anodic peak at 1.6/1.65 V
were apparent. Under galvanostatic cycling, the corresponding volt-
age profiles were depicted in Figure 3b. In cycle 1 at 50 mA/g, a long
plateau at around 1.27 V was observed while in cycle 2, two distinct
discharge plateaus at 1.42 V and 1.34 V were present correspond-
ing well with the CV results. The voltage difference between first

discharge and second discharge can be ascribed to the potential mor-
phology change of the MnO2 during electrochemical reactions.1 The
discharge plateaus located at 1.40/1.34 V and the 1.58/1.51 V charge
plateaus were previously reported and assigned as either proton con-
version (plateau I, 1.40V) or Zn intercalation (plateau II, 1.34V) reac-
tions associated with the crystallographic evolution of MnO2 during
the cycling processes.1,8

To probe the reaction mechanism of Ag+ in Zn/ Ag1.5Mn8O16 bat-
teries, zinc anode cells in 2M ZnSO4 electrolyte were discharged
to 1.4, 1.2, 1.0V, and then charged to 1.6V and 1.8V at a current
density of 50 mA/g and held at the targeted potentials for 2 hours
(Figure 4a). The corresponding electron equivalents per Ag1.5Mn8O16

formula for these electrodes are presented in Table I. EIS data was
collected for the pristine material, the sample discharged to 1.4 V,
1.0 V and charged to 1.8 V (Figure 4b). A slight increase in charge
transfer resistance was noted during the initial discharge to 1.4V, due
to a minimal amount of Ag0 being displaced at a limited discharge
of ∼1 mAh/g. Upon subsequent discharge, the interfacial impedance
decreased substantially, with the lowest charge transfer impedance
evinced at the end of discharge to 1.0V. Upon charge to 1.8V the
impedance increases to approach that of the pristine sample. The re-
sults of the equivalent circuit fits of the impedance data are shown in
Table II.

The impact of reduction on the electrodes was probed where images
of recovered cathodes were collected after potential holds to evaluate
the changes in morphology, relative size, and local composition as
a function of varying potential. SEM images were collected using a

Figure 3. Electrochemistry of Zn/Ag1.5Mn8O16. a. cyclic voltammetry at scan rate of 0.2mV/s, b. discharge/charge curves at 50 mA/g in 2M ZnSO4
electrolyte.
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Figure 4. Zn/Ag1.5Mn8O16 cells a. voltage profiles under constant current followed by a constant voltage step for discharge and charge b. EIS results as Nyquist
plots, c–h. LABE SEM images of electrodes from a.

low-angle backscattered electron (LABE) detector (Figures 4c–4h)
providing signal proportional to the atomic number. The pristine coat-
ing electrodes (Figure 4c) evinced an array of nanorods with an aver-
age length of 1.3 ± 0.3μm, average width of 0.08 ± 0.01μm, and an
average aspect ratio of 15. Upon discharge, the LABE SEM images
indicated the formation of small and dispersed Ag particles, measuring
39.2 ± 13.0 nm in diameter, starting at 1.4V (Figure 4d). Subsequent
discharge to lower voltages of 1.2 and 1.0V led to the formation of

Table I. Summary of electron equivalents in constant current/
voltage hold test.

Electrode

Electron
equivalent
constant current

Total electron
equivalent:
current and
potential hold

Electron
equivalent during
potential hold

Dis to 1.4V 0.03 0.14 0.11
Dis to 1.2V 7.11 7.45 0.34
Dis to 1.0V 6.50 6.88 0.38
Dis/ch to 1.6V 3.79 4.50 0.71
Dis/ch to 1.8V 5.01 6.26 1.25
Dis to 0.8V 7.68 10.87 3.19
Dis to 0.6V 6.38 9.56 3.18

large Ag particles with irregular shapes (Figures 4e and 4f, respec-
tively). At 1.0V, there were still nanorods present with a shorter length
of 0.5 ± 0.1μm in the electrode. Upon charge to 1.6V, the irregular Ag
particles were still present (Figure 4g), which disappeared at the end
of charge to 1.8V (Figure 4h), consistent with the observed increase
in the charge transfer impedance noted in Figure 4b. Ag particles with
higher atomic number hence appear to be brighter than those materials
with lower atomic numbers.

To further confirm the compositions of the discharge and charge
products, EDS maps were collected on the various electrodes prepared
at different voltages, displayed in Figure 5, with the corresponding
weight percentages of different elements summarized in Table III.
No discernible Ag particles were observed in the pristine sample

Table II. EIS circuit parameters of the pristine Zn/Ag1.5Mn8O16
cell as well as cells (dis)charged to different potentials at 50 mA/g
in 2M ZnSO4 electrolyte.

Cell voltages (V) R1(�) R2(�) Rct(R3)(�)

Pristine (1.49) 2.0 55 461
Discharge to 1.4 2.0 59 505
Discharge to1.0 0.6 - 89

Dis/Charge to1.8V 1.3 80 717
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Figure 5. (1) SEM images and (2) EDS elemental maps of Ag1.5Mn8O16 discharged to a. pristine, b. 1.4V, c. 1.2V, d. 1.0V and discharged/charged to e. 1.6V and
f. 1.8V (vs. Zn/Zn2+). Scale bar: 2.5 μm.

(Figure 5a), while small Ag nanoparticles were noted in electrodes
at 1.4V, which evolved into large irregular particles upon further dis-
charging, and gradually disappeared upon charging to 1.8V. These
results agreed well with the aforementioned SEM and EIS data
in Figure 4. The EDS determined Ag weight percentages at the
electrode surface increased upon discharge and decreased upon charge,
as indicated in Table III.

Table III. Weight percentages of elements in (dis)charged
electrodes from EDS maps.

Electrodes O (wt%) Mn (wt%) Zn (wt%) Ag (wt%) S (wt%)

Pristine 20.1 56.9 0.1 22.8 0.1
D to1.4V 20.3 41.1 20.4 17.1 1.1
D to1.2V 20.9 6.7 54.0 13.3 5.1
D to 1.0V 19.2 5.6 43.3 28.0 3.9
C to 1.6V 24.7 20.7 48.7 1.9 3.9
C to 1.8V 30.7 18.6 48.5 0.6 1.5

The formation of silver metal through a reduction-displacement re-
action has been previously observed in the lithiation of silver vanadium
phosphorous oxide, specifically Ag2VP2O8.9,36 The Ag+ in the struc-
ture is reduced to Ag0 as part of the discharge process. In these prior
manuscripts detailed analysis of the size of the silver metal formed
was reported. Notably, the size of the silver metal formed was depen-
dent both on the composition of the electrode as well as the discharge
conditions of the cells. It is likely that the size of the silver metal de-
posits observed in these experiments are impacted by the experimental
conditions.

Scanning vibrating probe (SVP), also referred to as scanning vi-
brating electrode technique (SVET), was used to comparing a pristine
Ag1.5Mn8O16 electrode to electrodes reduced under applied potentials
of 0.8V and then 0.6V vs. Zn/Zn2+. A typical SVP output is rep-
resented in terms of the potential difference (Vpp) across vibration
amplitude (peak to peak amplitude, App) in relation to the current flux
density along the z axis (jz), and including the solution conductivity,
k following Ohm’s law, as shown in Eq. 1.37

Vpp = jz

(
App

k

)
[1]
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Figure 6. a–c. Scanning vibrating probe (SVP) maps and d. corresponding histogram for Ag1.5Mn8O16 electrodes; a. pristine, discharged to b. 0.8 V and c. 0.6 V
(vs Zn/Zn2+), e. Voltage curve from Zn/Ag1.5Mn8O16 electrochemical cell. f–h. LABE SEM images for Ag1.5Mn8O16 electrodes; f. pristine, discharged to g. 0.8 V
and h. 0.6 V (vs Zn/Zn2+).

Therefore the current density, j (μA/cm2) can be calculated by obtain-
ing the measured electric potential (�V), solution conductivity, (k),
and vibration amplitude, d (cm) as shown in Eq. 2.38

j = − � V
k

d
[2]

The above makes the assumption that the electric field around the
probe is constant.

Obtained SVP maps of Ag1.5Mn8O16 electrodes are shown in
Figures 6a–6c. The sample-probe distance remained the same through-
out the successive applied potentials and SVP mapping measurements,
with consistent scale used for the images. A lock-in amplifier demod-
ulates the AC signal from the electrometer, so the obtained values
represent a DC voltage which is proportional to the vibrating probe
signal. Therefore, an increasing DC voltage would imply an increas-
ing current density along the axis of probe vibration, as shown in
Eq. 1. For the pristine sample (Figure 6a), there is small variation in
signal, mainly near the right most edge over the scanned area sug-
gesting, there is generally good uniformity of the electrode sample.
After applying a potential equivalent to 0.8V (vs. Zn/Zn2+), the over-
all intensity increased (Figure 6b). The signal continued to increase
in intensity upon additional electrochemical reduction to the 0.6V ap-
plied potential (Figure 6c). The individual SVP data were aggregated
to determine average and standard deviation in the DC voltage, and
the measurements for the pristine and 0.6V conditions were found
be statistically different (Figure 6d). To further probe the change in
conductivity, additional electrodes were discharged in coin cells with
ZnSO4 electrolyte to the same potentials used in the SVP experiment,
using constant current discharge followed by 2 hour potential holds
(Figure 6e). The corresponding LABE SEM images (Figures 6f–6h)
showed the pristine electrode to be silver free (Figure 6f), with small
and dispersed Ag particles present in the sample discharged to 0.8V
(Figure 6g), which subsequently transformed to larger Ag particles
with irregular shape in the 0.6V sample (Figure 6h).

Scanning vibrating probe (SVP) was used to map a pristine
Ag1.5Mn8O16 electrode and then under applied potentials of 0.8 V,
0.6 V, and finally 1.8 V vs. Zn/Zn2+. The obtained SVP maps of the

Ag1.5Mn8O16 electrode are shown in Figures 7a–7j. The sample-probe
distance remained the same throughout the successive applied poten-
tials and SVP mapping measurements, with consistent scale used for
the images. For the pristine sample (Figure 7a), there is little varia-
tion in signal suggesting that the electrode was reasonably uniform.
After applying a potential of 0.8 V (vs. Zn/Zn2+), the overall intensity
increased (Figure 7b). After further reduction at 0.6 V, the intensity
decreased somewhat but remained more intense than for the pristine
(Figure 7c). The electrode was then oxidized at 1.8 V (equivalent of
charge) and a dramatic drop of intensity was observed (Figure 7d).
The individual SVP data were aggregated to determine average and
standard deviation in the DC voltage (Figure 7e). While the average
intensities show an increase in potential upon discharge and a decrease
during the following charge; the standard deviations are quite high as
there is some level of variation within maps over the large 2000 ×
2000 μm area measured. To alleviate this problem, the average and
standard deviation of a 500 × 500 μm section was determined for
each map (Figures 7f–7j). As can be seen in Figure 7j, the changes
in intensity previously noted are significant. The increase in inten-
sity upon reduction (discharge), is consistent with the conductivity
increasing due to the formation of silver metal. The decrease upon
charge suggests that a more insulating species is being formed at the
surface.

To further confirm the formation of metallic Ag particles upon
discharge, XRD data were conducted over pristine electrodes and
electrodes reduced to 1.0 V (vs. Zn/Zn2+) as well as those re-
duced to 1.0 V followed by charge to 1.8 V, Figure 8. The XRD
of the pristine powder in Figure 8a is representative of reported
Ag1.3Mn8O16 patterns. The first four peaks at 25.9°, 29.0°, 32.3° and
37.4° correspond to the (220), (310), (101), and (211) reflections of
the silver hollandite structure, respectively. After discharge to 1.0 V
(Figure 8b), the dominant reflections are located at 8.3°, 16.4° and
24.6°, which correspond to the (001), (002), and (003) reflections of
the osakite salt ZnSO4(Zn(OH)2)3 similar to previous reports.1 Pres-
ence of Ag0 is indicated by peaks at 38.3° and 43.7° corresponding to
the (111) and (220) reflections of cubic Ag0. Upon charge (Figure 8c),
the (220) and (310) reflections of silver hollandite are present.There
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Figure 7. SVP maps of silver hollandite coated on steel. (a) pristine, (b) discharged to 0.8 V, (c) discharged to 0.6 V, and (d) charged to 1.8 V (vs. Zn/Zn2+). (f)
section map of (a), (g) section map of (b), (h) section map of (c) and (i) section map of (d) from x = 1500-2000 and y = 75-575. (e) and (j) show the average
potential of the full maps and the section maps, respectively. Voltages showing in (e) and (j) are relative to Ag/AgCl.

are no peaks associated with osakite or Ag0 in the XRD pattern of the
charged sample. Thus, ex-situ XRD results suggest that Ag0 is formed
upon discharge to 1.0 V with reversibility to Ag+ upon charge to 1.8 V.

Further evidence of Ag° formation was gained using X-ray ab-
sorption spectroscopy measurements (Figure 9) at the Ag K-edge.

Upon discharge to 1.0 V, there is a clear peak in the EXAFS spec-
trum at ∼2.9 Å, analagous to the major defining feature of the Ag0

reference foil. Upon charge to 1.8 V, this peak is no longer present,
consistent with the XRD results noting the disappearance of the Ag0

pattern.
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Figure 8. XRD patterns of (a) a pristine 15 nm Ag1.4Mn8O16 powder, (b) an electrode discharged to 1.0 V vs. Zn, and (c) an electrode discharged to 1.0 V then
charged to 1.8 V vs. Zn. Asterisks denote peaks attributed to the stainless steel current collector.

The XANES spectra for a pristine silver hollandite electrode and
an electrode after discharge to 1.0 V were compared to MnO2, Mn2O3,
and MnO powder standards in Figure 10a. The edge position of
the pristine electrode is 6551.6 eV and between the edge positions
of MnO2 (6557eV) and Mn2O3 (6549eV) standards, suggesting a
mixed Mn3+/4+ oxidation state. As a result of discharge to 1.0 V,
the XANES region is located at a lower energy and is compara-
ble to the Mn2O3 standard, suggesting a Mn3+ oxidation state. The
μ-XRF maps for the pristine electrode (Figure 10b) and reduced elec-
trodes measured after discharge to 1.0 V (Figure 10c) and charge
to 1.8 V (Figure 10d) demonstrate that the Mn distribution in the
electrodes remains relatively homogenous during the first discharge
cycle.

The analysis of the reduced and then oxidized Ag1.5Mn8O16 elec-
trodes collectively showed that submicron sized Ag particles were
initially visible on slight discharge to 1.4V versus Zn/Zn2+. On
reduction to 1.2V (∼7 electron equivalents per Ag1.5Mn8O16 formula)
large islands of silver metal several microns across were evident and
remained apparent with further reduction to 0.6V. Subsequent charg-
ing of the electrodes to 1.8V resulted in the Ag particles being oxidized
to Ag+ as they are no longer apparent on the surface of the electrodes
(Figures 4 and 5). The formation of silver metal is consistent with

Figure 9. Ag K-edge Fourier transform of EXAFS for pristine, discharged,
and charged electrodes compared to Ag metal reference. Fourier transform
was conducted using a K range of 2–9 Å−1. Data is not phase corrected.

the previous observation in the non-aqueous Li and Na systems.6,18

The formation of silver metal early in the discharge is more consistent
with reduction by Na ions in non-aqueous media perhaps related to
the cation radii of Li+, Na+ and Zn2+ of 0.4, 1.02 and 0.74Å, respec-
tively. It is worth noting that in the previous studies in non-aqueous
media, the Ag+ to Ag0 reduction was found to be irreversible with no
indication of silver metal oxidation under the test conditions. By con-
trast, in an aqueous environment, the reduction of Ag0 occurs early in
the discharge process and exhibits subsequent oxidation of the silver
metal.

The overall discharge scheme can be represented as shown below.
The reduction of Ag(I) to Ag(0) was affirmed by XRD and EXAFS
analysis of reduced electrodes. The reduction of Mn(IV) to Mn(III)
was noted from the XANES data. Likely due to the nanocrystalline
nature of the starting silver hollandite, a crystalline reduced phase of
manganese oxide was not apparent.
Cathode:

H2O → H+ + OH−

Mn (IV) + e− → Mn (III)
Ag (I) + e− → Ag (0)
1/2 Zn2+ + OH− + 1/6 ZnSO4 + x6 H2O

→ 1/6 ZnSO4[Zn(OH)2]3 · xH2O

Anode:

Zn → Zn2+ + 2e−

Conclusions

Silver hollandite nanorods were prepared using a reflux method
yielding Ag1.5Mn8O16 nanorods as characterized by XRD, ICP-OES
and TGA. The reduction and subsequent oxidation of the material was
explored in aqueous ZnSO4 electrolyte for the first time. A discharge
capacity of ∼240 mAh/g was observed for the first reduction of the
material. Characterization of the samples at various states of reduction
and followed by oxidation were examined by a combination of XRD,
SEM, EDS mapping results. Further, the electrochemistry was further
studied by using the scanning vibrating probe technique. Ag metal
formation upon reduction was confirmed by XRD and EXAFS results
accompanied by decrease in charge transfer impedance, as determined
by the EIS data. On charge, the appearance of the silver metal disap-
peared indicating oxidation of the silver centers in the aqueous elec-
trolytes. This stands in interesting contrast to the reduction/oxidation
electrochemistry in non-aqueous media where irreversible formation
of silver metal was observed.
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Figure 10. X-ray absorbance spectroscopy data. a. XANES results and b–d. X-ray fluorescence maps for Ag1.5Mn8O16 electrodes: b. pristine, c. discharged to
1.0V and discharged-charged to 1.8V (vs. Zn/Zn2+).
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