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ABSTRACT

Continuous films of silver(II) oxide (Ago) have been electrodeposited directly from aqueous solutions of 50 mM sil-
ver acetate/25 mM sodium acetate onto 430 stainless steel, polycrystalline platinum, and indium-tin oxide-coated glass.
Current efficiencies for the electrodeposition process ranged from 62 to 95% and were a function of the applied current
density. X-ray diffraction of the electrodeposited films reveals a [010] texture when the thickness is greater than 1 tim.
Freshly ground films or powders exhibit only reflections consistent with the monoclinic Ago structure. Rietveld analy-
sis confirms the ground films are single-phase Ago with a P 21/c space group. The films were imaged and film thickness
was measured by atomic force microscopy. Thermogravimetric analysis shows that the films begin to decompose in air
above 130°C, with an abrupt weight loss between 180 and 200°C. The total weight loss of 6.4 to 6.5% corresponds to ther-
mal decomposition of Ago to Ag2O with loss of oxygen. A direct optical bandgap of 1.1 eV was measured. The black Ago
films absorb strongly in the near infrared and throughout the visible region. The four-point resistivity of the Ago films
was 12 1 11 cm.

lntroducton
Ago has been studied extensively for its use as the cath-

ode material in zinc-silver oxide batteries.1 There are two
common methods for preparation of Ago. One method is
the electrochemical oxidation of silver metal in alkaline
solutions, which results in the formation of an Ag2O/AgO
oxide layer on the metal.23 The other is by alkaline oxida-
tion of aqueous solutions of Ag(I) salts.4'5 The latter tech-
nique yields a precipitate of finely divided, black, crys-
talline oxide, Ago.6 The first such preparation of Ago was
performed over a century ago.7

Recently, nanoscale Ago particles have been synthesized
by a laser vaporization/condensation method.8 Other
recent investigations of Ago involve its use as a selective
oxidizing agent for certain organic reactions9 and as a
postchromatographic electrochemical detector for carbo-
hydrates and amino compounds.1° Ago is used as a precur-
sor material for the synthesis of a new family of high-Ta
superconductors based on the Ag-Ba-Ca-Cu-O system.11
AgO is also used as an additive to improve the critical cur-
rent densities of Y-Ba-Cu-O-based superconductors.'2

AgO is an especially interesting compound, as it illus-
trates that a simple chemical formula may not provide a
complete understanding of the oxidation states and elec-
tronic configurations of the elements present. Whereas
CuO contains the d9 ion CuZ* and is paramagnetic, both
the structure and properties of Ago suggest a mixed-
valency compound best formulated in terms of Ag(d'°)
and AgS*(dl).lS This has been shown by magnetic measure-
ments,14 x-ray diffraction (XRD),14 and neutron diffrac-
tion.15 In CuO all Cu atoms have four coplanar neighbors,
but in Ago there are two distinct silver sites in the lattice
with different coordinations and different Ag—O bond dis-
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tances. Ag(I) has two colinear 0 neighbors with a Ag(I)—o
bond distance of 2,18 A, while the other atoms of the orig-
inal square planar coordination group are at a distance of
2.66 A. The other silver site, Ag(III), has four coplanar 0
neighbors at 2.05 A.16 The crystal structure of Ago is
monoclinic, space group P 21/c, with four formula Units
per unit cell. The lattice parameters measured by
Scatturin et al. are a = 5.85 A, b = 3.48 A, c = 5.50 A, and
3 = 107.5°. XRD and neutron diffraction studies proposed
nearly identical structures for Ago. CuO also has a mono-
clinic structure,'6 but it belongs to the space group C 2/c.

Ago was also believed to be formed during the chemical
and electrochemical oxidation of acidic and neutral solu-
tions of Ag(I) salts. However, it was later shown that oxi-
dation of these solutions results in the production of
oxysalts of the form Ag(Ag609)X, where X = NO; , C1O,
F, HS0, HF, and BF4. 6.17-19 AgO powders can be pro-
duced from these oxysalts by boiling them in water,2° as
the oxysalts are thermally unstable.

The authors are unaware of any other studies where
Ago films have been electrodeposited from Ag(I) solu-
tions. The only previous work which involved the oxida-
tion of a silver acetate solution was done by Selbin and
Usategui,21 in which several silver(I) salts were oxidized
with ozone. They found that the previously mentioned
oxysalts were formed upon reacting ozone with AgNO3,
AgC1O4, and Ag2SO4, whereas with AgF and AgC2H3O,,
they proposed that the product of ozonation was Ago.
Others who have investigated the oxidation of AgF solu-
tions have shown the product to be the oxysalt,
Ag(Ag6O,)E'7 This led us to investigate the product of elec-
trochemical oxidation of AgC2H,O2 solutions. We have
found that we can electrodeposit AgO films directly from
aqueous solutions of AgC2H3O2. In this study we investi-
gate the properties of electrodeposited Ago films by XRD,
thermogravimetric analysis (TGA), four-point resistivity,
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spectrophotometry, voltammetry, and atomic force
microscopy (AFM).

Experimental
The Ago films were electrodeposited onto polycrys-

talline 430 stainless steel electrodes purchased from Metal
Samples Co. The electrodes were mechanically polished
and then ultrasonically cleaned. They were then embedded
in an epoxy mold or pressed tightly into a Teflon holder
and rotated at 200 rpm using a Pine AFMSRX rotator. This
mounting procedure resulted in the stainless steel elec-
trode surface being flush with the epoxy or Teflon surface.
The areas of the polished stainless steel electrodes were
either 1.98 or 3.83 cm2. All solutions were made from
reagent-grade chemicals dissolved in doubly distilled
deionized water from a Barnstead-NANOpure Ultra Pure
water system. The silver acetate solutions were filtered
before each deposition to remove any precipitate. The
solutions from which the Ago films were deposited were
50 mM AgC2H3O2 and 25 mM NaC,H302. The solutions
were bubbled with nitrogen prior to and during the elec-
trodeposition process. These solutions were light and air
sensitive, and therefore new solutions were prepared daily.
It was found that if the solutions were not bubbled with
nitrogen and/or were used for more than several hours, an
Ag2CO3 impurity became apparent upon analysis of the
films and powders. Electrochemical depositions and cyclic
voltammograms were performed using an EG&G
Princeton Applied Research Model 273A potentiostat/gal-
vanostat. All depositions were performed at 25°C using a
controlled temperature water bath attached to a water-
jacketed beaker. The cell configuration consisted of a stan-
dard three-electrode arrangement with the counterelec-
trode placed horizontally approximately 1 cm below a
horizontal working electrode. A silver wire was used as the
reference electrode. All the films grown for this study were
deposited at 0.25 mA/cm2. This current density was chosen
because a high current efficiency and an appreciable depo-
sition rate could be obtained. After the Ago films were
grown to the desired thickness, they were thoroughly
rinsed with deionized water, dried with nitrogen, and
placed in a desiccator.

XRD patterns of the electrodeposited AgO films and
powders produced from ground films were run on a
Scintag 2000 diffractometer using Cu K radiation (X =
1.54178 A). The x-ray tube was operated at an accelerat-
ing voltage of 45 kV and an emission current of 40 mA.
XRD experiments on AgO films were performed with the
films deposited on the 430 stainless steel electrodes. Ago
powders were produced by removing the films from the
electrodes and grinding them for several minutes with a
mortar and pestle. Due to the small amount of powder
available, standard sample holders for the x-ray diffrac-
tometer could not be used. Therefore, the ground films
were dispersed on glass for XRD experiments. This
method was also used for XRD of powders before and
after TGA. TGA experiments were performed in air on a
Perkin-Elmer Model TGS-2 TGA. Powdered samples of
10-15 mg were used. The samples were heated at 5 °C/min
in Pt pans to the desired temperature, after which they
were cooled to room temperature at 40°C/mm. AFM
images of the films were obtained with a Nanoscope E
(Digital Instruments) using Si3N4 cantilevers. Ago film
thicknesses were measured in the AFM by etching a step
edge in the film with dilute nitric acid and then measuring
the height difference between the substrate and the sur-
face of the film. The a direction in the AFM was calibrat-
ed with a 1 p.m height standard before measuring film
thicknesses. Resistivity measurements of the AgO films
were obtained by the four-point method using an Alessi
four-point probe in conjunction with a Keithley Model 181
nanovoltmeter and Model 220 programmable current
source. Resistivity measurements were made on free-
standing films which peeled off the electrode and on films
which were removed by placing adhesive on a glass slide
and pulling off the AgO films.

Results and Discussion
A cyclic voltammogram for an uncoated Pt electrode in

the deposition solution with a silver reference electrode
and a scan rate of 20 mV/s is shown in Fig. 1. The loops at
the ends of the voltammogram are indicative of three-
dimensional nucleation and growth, since the electro-
chemically active surface area of the electrode increases
due to the formation of three-dimensional deposits.'8
There are also crossovers in the voltammogram at 0 and
0.6 V vs. Ag. We attribute these crossovers to the stripping
of electrodeposited Ag metal and Ago, respectively.
Hence, as the potential is driven negative, Ag metal depo-
sition occurs at about —0.07 V, with subsequent stripping
when the potential is driven positive of 0 V. The deposition
of AgO begins at very low current density just positive of
the Ag stripping peak and begins to increase rapidly at
about 0.6 V. Stripping of the AgO begins as the potential is
driven negative of the crossover at 0.6 V and reaches a
maximum at about 0.25 V. The charge under the AgO
stripping peak was always less than the charge passed
during the sweep to positive potentials and anodic current
densities.

During Ago deposition at current densities in the
0.5 mA/cm2 range, gas evolution is obvious at the electrode
surface. We attribute this gas evolution to a parasitic oxy-
gen evolution reaction. In agreement with this interpreta-
tion, the current efficiency for AgO deposition decreases
with increasing applied potential or anodic current densi-
ty. A plot of current efficiency vs. current density is shown
in Fig. 2. The current efficiencies were determined gravi-
metrically. The current efficiency decreases from 95% at a
current density of 0.1 mA/cm2 to 62% at 1.0 mA/cm2. A
deposition current density of 0.25 mA/cm2 was used to
deposit the films for characterization in this study, since
the current efficiency was approximately 92%.

A linear sweep voltammogram for an AgO-coated Pt
electrode in the deposition solution is shown in Fig. 3. The
AgO coating had a nominal thickness of 0.1 p.m based on
Faraday's Law. The open-circuit potential of the Ago elec-
trode in this solution is 0.37 V vs. Ag. The current densi-
ties measured from this voltammogram give a good indi-
cation of what potential must be applied to achieve a
desired steady-state deposition current density and corre-
sponding current efficiency (from Fig. 2).

It is interesting that AgO deposits from AgC2H2O2 solu-
tions rather than the oxysalt which deposits from other
Ag(I) salts. Table I lists the anode products of different
Ag(I) salts. The ionic radii in Table I are thermochemical
radii, calculated by Jenkins and Thakur.22 This table sug-
gests that the PKa of the anion is a more important factor
than its size in determining whether the anion will be
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Fig. 1. Cyclic voltammogram for an uncoated Pt electrode in
50 mM AgC2H3O2/25 mM NaC2H3O2 solution in the potential range
—0.15 to 1.0 V vs. Ag. The arrows indicate scan direction. The area
of the Pt electrode is 0.138 cm2 ond the scan rate is 20 mV s1.
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Fig. 2. Current efficiency, measured gravimefrically, as a function
of applied current density. Error bars indicate the uncertainty for
each given measurement.

Fig. 3. Linear sweep voltammogram for a thin Ago film on Pt in
the potential range 0.37 V (the open-circuit potential of the AgO
film) to 0.8 V vs. Ag, scan rate 20 mV s'.

incorporated into the lattice of the anode product, since
the anions with high pK, will tend to be protonated due to
the low surface pH during oxide formation.

X-ray diffraction of AgO deposits.—XRD was used to
characterize the deposits grown from a 50 mM AgC2H3O2/
25 mM NaC2H302 solution at 0.25 mA/cm2 on 430 stainless
steel electrodes. Figure 4a shows an XRD pattern for a
5 m thick Ago film that was grown on 430 stainless steel.
The only Bragg reflection apparent for AgO in this pattern
is the (020) reflection at 20 = 52.3°. The high intensity of
this reflection relative to others normally apparent for
Ago in this range of 20 values is indicative of a strongly
preferred orientation or texture for the film. In this case it
indicates that the (010) planes for Ago are parallel to the
substrate surface. Figure 4b shows the XRD pattern for a
powder made from grinding several films like the one in
Fig. 4a. Figure 4c shows a stick diagram for JCPDS Card
No. 22-472 for AO. It is apparent by comparing Fig. 4b

Table I. Anions of some Ag(I) salts with anion pKa, thermochemical
radii, and anode product from aqueous solutions of the Ag(l) salt.

Anion Radius (A) pK,

C104
NO

F-
C2H3O

2.40
1.79
1.26
1.62

—7
—1.3

3.18
4.75

Ag(Ag608)C104
Ag(Ag60,)N03

Ag(Ag6O)F
AgO

20 Degrees

Fig. 4. XRD patterns of: (a) 5 m thick, [0101-textured AgO film,
deposited from 50 mM AgC2H3O2/25 mM NaC2H3O2 at 0.25
mA/cm2 on 430 stainless steel; (b) AgO powder produced by pulver-
izing several films; and (c) JCPDS Card No. 22-472 for AgO.

and c that the material produced from our electrodeposi-
tion is consistent with AgO. It was important that the
films and powders were produced from freshly prepared,
nitrogen-purged solutions, and that the x-ray analysis was
performed on freshly deposited Ago. If the solutions,
films, or powders were allowed to age, impurities began to
become apparent in the films and powders. The main
impurity present was Ag2CO3. Trace amounts of carbonate
were always apparent by infrared (IR) absorption spec-
troscopy. Some residual water is also evident in the IR
spectra. Carbon and hydrogen analysis of the Ago pow-
ders are consistent with trace amounts of carbonate and
water. The silver carbonate impurity was not evident in
XRD of fresh films or powders; however as the powders
aged, it became a major impurity. This increase with age
indicates that Ag2CO3 is a degradation product of Ago.
Ag2CO3 was also present as an impurity in commercially
available Ago powders that we analyzed. An XRD pattern
for our Ago powder exposed to air for 5 months is shown
in Fig. 5a. Fig Sb and c are stick diagrams of JCPDS cards
26-33 9 and 22-472 for Ag2CO3 and Ago, respectively.

A Rietveld refinement23 was performed on the experi-
mental data in Fig. 4b to determine the fit of this data to
the Ago structure. Table II shows the atomic positions
obtained for Ago by refinement in the P 21/c space group.
The values obtained are within experimental error identi-
cal with those of Ref. 15. The fit of the refined structure to
the experimental data is shown in Fig. 6 with Re = 8.0%

Fig. 5. XRD patterns of: (a) Ago powder produced from pulver-
ized films after exposure to air for 5 months; (b) JCPDS Card No.
26-339 for Ag2CO3; and (c) JCPDS Card No. 22-472 for AgO.
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Atom x p z

0 0.295 0.344 0.229
Ag(I)

Ag(III)
1/2
0

0
0

1/2
0

and = 11.3%. Some of the slight discrepancies in inten-
sities may be due to the small amount of AgO powder from
which the XRD pattern was taken.

Thermogravimetric analysis of AgO deposits—AgO is
known to decompose to Ag20 at temperatures above
100 °C.24 At higher temperatures, the decomposition prod-
uct is metallic silver. TGA was performed in air on pow-
dered samples of the electrodeposited AgO films to assess
their decomposition behavior. Figure 7 shows TGA data
for the AgO powder from 30 to 250°C. At the heating rate
of 5°C/mm, the powder begins to lose mass noticeably at
temperatures greater than 130°C, with a sharp decline cen-
tered at about 190°C. The weight percent change of 6.44%
corresponds well with the 6.46% weight loss associated
with the following decomposition reaction

2AgO() = Ag50(,) + 1/2 02(g) U]

Figure Ba shows the XRD pattern for the AgO powder
before TGA. The powder pattern is in good agreement
with the stick diagram of JCPDS Card No. 22-472 for AgO
shown in Fig. 8b. The intensity of the (020) peak for our
powder is higher than that in JCPDS stick diagram as a
result of insufficient grinding of the [0101-textured AgO
films. Figure 8c shows the XRD pattern for the powder
after being heated to 250°C and then cooled back to room
temperature during the TGA experiment. The Bragg peaks
in this pattern agree with those of JCPDS Card No. 12-793
for Ag30, as shown in Fig. 8d. If the TGA experimental
temperature was allowed to go higher than 250°C, metal-
lic silver became apparent both by microscopic analysis
and XRD. These results emphasize the advantage of elec-
trodeposition for producing materials in unusual oxida-
tion states at low temperature.

AFM of AgO films.—An AFM image of a [0101-textured
AgO film is shown in Fig. 9. The image shows that elec-

29 Degrees

Fig. 6. Rietveld refinement for AgO powder produced at 0.25
mA/cm2:(—) experimental data, (+) refined pattern. A difference
pattern is shown below the fit.

Fig. 7. TGA of AgO powder in air in the temperature range 30 to
250°C showing weight loss of 6.44% between 130 to 215°C.
Sample weight 13.6698 mg, heating rate 5.00°C/mm.

trodeposited AgO grows as an apparently dense film with
grain sizes on the order of 0.1 to 0.5 p.m. AFM measure-
ments were also employed to measure the thickness of our
electrodeposited AgO films. A step was etched in the films
by placing them in dilute nitric acid until the submerged
portion of the film was completely dissolved. The films
were then placed in the AFM and the difference in height
from the substrate to the surface of the film was measured.
Before these measurements were made, a 1 p.m height
standard was used to calibrate the z direction in the AFM.
Figure 10 shows an AFM image for an etched Ago film.
The observed height of 1.2 0.1 p.m agrees with the film
thickness calculated by Faraday's law using the density of
Ago (7.44 g/cm3) and assuming 100% current efficiency.
Since the actual current efficiency is 92% at this deposi-
tion current density, these results suggest that there may
be some porosity in the films (i.e., the density is less than
7.44 g/cm3). The uncertainty in the AFM measurement of
height, however, precludes determination of porosity by
this method. This measured film thickness was then used in
determining the electrical resistivity of the electrodeposit-
ed AgO films by four-point resistivity measurements. The
measured resistivity of the films was 12 1 U cm. This is in
good agreement with resistivities previously measured on
pellets of pressed AgO powder of 10 and 14.3 Cl cm.2526

Optical absorption measurements for AgO films.—Al-
though Ago is often referred to as a semiconductor
based on its electrical resistivity, there are no literature
values given for its bandgap. Therefore, we attempted to
measure the bandgap of the AgO films by optical absorp-

29 Degrees

Fig. 8. XRD patterns of: (a) AgO powder before TGA, (b) JCPDS
Card No. 22-472 for AgO, (c) decomposed powder after heating in
TGA, and (d) JCPDS Card No.12-793 for Ag20.

Table II. Atomic positions for monoclinic AgO, space group P 21/c.

Cell parameters: a = 5.85 A, b = 3.49 A, c = 5.50 A; ç3 = 107.4°. 2 96
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Fig. 9. Top view MM image
showing morphology of a 5 pm
thick AgO film deposited from
50 mM A9C2H3O2/25 mM
NaC2H3O2 at 0.25 mA/cm2 on
430 stainless steel.

tion methods.27 An absorption spectrum for a 1 pm thick
Ago film on indium-tin oxide (ITO) coated glass is shown
in Fig. 11. The absorption of the Ago films increases dra-
matically between 1250 and 900 nm. The absorption coef-
ficient, a, was determined from28

et = T/(1 — R)2 [2]

where t is the thickness, and T and R are the transmit-
tance and specular reflectance of the film, respectively.
However, since the specular reflectance of the Ago film is
virtually zero in this range, the expression can be simpli-
fied as follows

e_t = T

A plot of (aE)' vs. E for a 1 m thick Ago film electrode-
posited on ITO-coated glass is shown in Fig. 12. A linear
relationship for this plot indicates a direct bandgap for the

absorbing material.27 As seen in Fig. 12 there is apprecia-
ble low energy tailing of the spectrum. The direct bandgap
measured by this method is 1.1 eV.

We have electrodeposited AgO as continuous films
directly from aqueous solutions of silver acetate. The fact
that Ago forms, instead of a silver oxysalt of the anion, is
likely due to a P1<a effect rather than anion size. The high-
ly textured nature of the films, along with the known non-
stoichiometry of Ago'4, make it an ideal candidate for
growth of defect-chemistry superlattices.29 A direct
bandgap of 1.1 eV was measured by an optical absorption
technique. XRD, TGA, and electrical resistivity measure-
ments on the films are all consistent with measurements

[3] obtained previously on Ago powders.
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