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ABSTRACT

We have created hybrid organic—inorganic nanoarchitectures by electrodepositing ultrathin (<10-nm-thick) polymer coatings onto nanostructured
MnO, birnessite-type electrodes with surface areas in excess of 200 m? g~L By choosing a self-limited growth process, based on the
electropolymerization of o-phenylenediamine, the resulting polymer conformally coats the oxide nanoscale network without disrupting the
continuous mesoporosity of the initial MnO, nanoarchitecture. These polymer coatings serve as pinhole-free physical barriers to external,
acidic electrolyte, specifically, H,0 and hydrated protons, and protect the underlying MnO, nanoarchitecture from dissolution. The underlying
metal oxide remains electrochemically addressable via an electrochemical proton-gating mechanism in which charge-compensating unsolvated
protons are transported through the polymer coating. The 3D-templated electrochemical fabrication of polymer at an electrified metal oxide
nanoarchitecture provides a new model for the development of electrochemical capacitors based on hybrid configurations using low-cost
metal oxides such as MnO,.

Introduction. We have previously demonstrated the impor-  When charge insertion into the solid state controls the rate-
tance of interconnected porositynothingness*—in nanoar- critical application, as in batteries, electrochromics, and
chitectures designed for rate-critical measurements andelectrochemical capacitors, expressing electrically conductive
applications, including sensifcand the electrocatalyzed transition-metal oxides as nanoarchitectures enhances elec-
oxidation of fueP High-quality “nothing” is also critical ~ trochemical performanceThese nanoarchitectural oxides are
when the application requires chemical modification of the ideal electrode structures that massively amplify the electrode/
interior of the nanoarchitecture. Control of the fabrication electrolyte interface such that their extensive free volume
process is often facilitated in aerogel (and related ambigel) of interconnected porosity facilitates the transport of charge-
nanoarchitectures because these-gel-derived, ultraporous ~ compensating cations to the high-surface-area electrified
materials, which combine bicontinuous networks of nanos- oxide. The nanoscale dimensions of the oxide domains also
cale solid domains and aperiodic mesoporosftyermit minimize the distances over which insertion cations diffuse
facile mass transport of reactants (molecules, ions, andvia slow solid-state mechanisms. This combination of
nanoscopic objects such as colloids) and byproducts through_properties allows these oxide nanoarchitectures to achieve
out the architecture. Postsynthetic modification of aerogels high electrode chargedischarge rates while also retaining
can range from etching away anisotropically aligned mag- high energy density, thus exhibiting the best individual
netic particles (to create anisotropically aligned macropbres) characteristics of both capacitors and batteries.
to laying down a 4-nm-wide conformal electron path within Manganese oxide aerogels and ambigels exhibit substantial
silica aerogefsto grafting hydrophobic functionalities onto ~ improvements as nonaque8u$ and agueou$ cation-
titania aerogels. insertion materials, but the instability of MaGn acidic
electrolytes limits its application in electrochemical capaci-
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the maximum specific capacitance is achieved in acidic
electrolytes, where high concentrations of highly mobile
protons are available to the oxide electréti®Manganese
oxide undergoes a reductive-dissolution process when ex-
posed to even mildly acidic electrolytes, yielding water-
soluble Mn(ll) specie$® 8 The use of Mn@ has been
limited, therefore, to near-neutral- and basic-pH aqueous
electrolytes where the specific capacitance is diminished by
the presence of less-desirable insertion cations such'as Li

Scheme 1. Idealized Chemical Structures of
Poly(o-phenylenediamine) in Its Fully Oxidized Form
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of the polymer backbone is disrupted by the presence of 1,4-

and Kt, which compete with H for association at the MnO
electrode.

We now report a strategy to stabilize Mp@anoarchi-

substituted benzenoiequinoid defects! which likely dimin-
ish the electronic conductivity of the polymer. Although
benzenoid-quinoid defects are present in all OPD-derived

tectures in aqueous acid by electrodepositing protective polymers, they become more prevalent as the pH of the initial

polymer coatings in which growth occurs only at the

monomer solution increasés.Electropolymerization of

nanostructured electrified surface. We adapt previously o-phenylenediamine has been used to passivate such semi-
reported methods for the oxidative electropolymerization of conductor electrode structures as Woand WSe?! al-

o-phenylenediamine (OPB)?! as a means to apply ultrathin,
conformal poly6-phenylenediamine) (PPD) coatings onto
nanostructured Mn@ambigel electrodes with surface areas
in excess of 200 Ag 122 These hybrid organieinorganic

though the stability of the coated semiconductors in acid
electrolyte was not reported.

For potential use in ultracapacitors that are designed
around hybrid polymermetal oxide nanoarchitectures, the

nanoarchitectures are stable in aqueous acid electrolytes, evegolymer coating must be uniformly distributed over the

upon electrochemical cycling.

nanostructured oxide electrode without occluding or filling

Background. Electrochemical capacitors are a general the mesoporous network. The pore volume of Ma@bigels
class of energy-storage materials that bridge the performancas centered in~25-nm pores with further distribution in the
gap between the high energy density of batteries and the10—80 nm rang&? which is a size range that balances the

high power density derived from dielectric capacit& g

facile diffusion of redox solutes and solvated ions with the

At present, high-performance electrochemical capacitors (alsoexposure of solutes to the “walls” of the nanoarchitecture.
denoted as ultracapacitors) are based on nanoscale forms of Ejectropolymerizing Self-Limited Films of Poly(o-

mixed ion-electron conducting disordered, hydrous metal phenylenediamine)Self-limited PPD films, electrodeposited

oxides, such as hydrous ruthenium oxidgRH"RU"v 1O,
or RuGrxH,0), that store charge via a catiorlectron
insertion mechanism (eq 1).

H,RU" RUY, O, +ye +
yH+ = Hx+yRu|“x+yRulvlf X— yOZ (1)

The high cost of ruthenium, a platinum-group metal, limits

from a pH 9 aqueous borate buffer at planar indittim
oxide (ITO) electrodes, have a thickness of% nm, as
directly measured using tapping-mode atomic force micros-
copy?3® As expected, the insulating nature of the growing
PPD polymer results in self-limiting film formation at this
pH2® These values are also in agreement with previous
estimates of film thickness on Pt by Losito et al., as
determined by X-ray photoelectron spectroscépy.

The electropolymerization ob-phenylenediamine at a

its utilization. Manganese oxides, which have been exten- nanostructured, ITO-supported MpGambigel electrode
sively investigated as ion-insertion cathode materials for under voltammetric conditions is illustrated in Figure 1a. The

energy storage, ranging from alkaline Zn/Mn€ells> to
lithium ion batterie$? are being explored as an economical
and environmentally benign alternative to Ru@pecific
capacitance values as high as 700 P gre reported’

oxidation of OPD monomer to the radical cation commences
at ca.+0.25 V (vs Ag/AgCl), which initiates the formation

of oligomers and polymers. On the second and third
voltammetric sweeps, the oxidation current diminishes until

although more practical electrode constructions yield only by the fourth cycle no significant change in current is

200 |: g—1'12,28,29

observed. As with planar electrodes, the electropolymeriza-

Electropolymerized films on electrodes have been exten-tion of OPD at MnQ ambigel electrodes is a self-limiting
sively studied as passivating coatings, especially for corrosionprocess, where the Mn@lectrode quickly passivates toward

protection®® The structure and properties of one such
polymer, polyb-phenylenediamine (PPD), depend strongly

further oxidation of OPD monomers or oligomers. Potential-
pulse deposition methods, which ensure a replenishing flux

on the pH of the aqueous electrolyte used to oxidize the OPD of monomers throughout the pore network during the “off”

monomer?! Poly(o-phenylenediamine) synthesized from

portion of the duty cycle, permit greater control of the

strongly acidic solutions exhibits a phenazine-like structure electropolymerization than does voltammetry (Figure 1b).

(Scheme P and can be grown te 1-um-thick films with
moderate conductivity (I8—10"2 S cn11).3233|n contrast,

We achieve high-quality PPD coatings on the Mmanoar-
chitecture by pulsing between oxidizing-1.0 V) and rest

when PPD is electrodeposited from aqueous electrolytes with(0 V) potentials.

pH > 1, insulating, ultrathin (typically<10-nm-thick)

Native (uncoated) Mn@ambigel films exhibit a highly

coatings are formed. Under these conditions, the structureporous architecture, as seen by scanning electron microscopy
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Figure 1. Electropolymerization ob-phenylenediamine at ITO-
supported Mn@ ambigel electrodes: (a) under voltammetric
conditions with a scan rate of 10 mV% (b) under potential-pulse
conditions with a 5-s oxidation pulse &tL.0 V followed by a 15-s
rest pulse at 0 V, with a total of 200 pulse cycles. In both cases,
the electrolyte contains 10 mi-phenylenediamine, 0.2 M Na
SOy, and 50 mM borate buffer (pH 9.1), prepared in 1&Mm
water.

Figure 3. First-cycle voltammograms for ITO-supported ambigel
films of (a) native MnQ and (b) PPD-coated MnO (- - -)
electrochemical current;~) spectroscopic absorbance at 500 nm.
Measurements are performed in 0.1 M3, at a scan rate of 4
mV s71. In the case of the PPD-coated Mp@he initial electropo-
lymerization is performed by the potential-pulse method.

sites within the oxide to Mn(lll) (with an accompanying
insertion of protons from the acidic electrolyte).

MnVO,+H" + e =Mn" O0H 2)

Manganese(lll) sites may be further reduced, as in eq 3, or
undergo disproportionation, as in eq 4.

Figure 2. Scanning electron micrographs for a native MnO Mn"OOH + 3H" + e~ — Mn(ll)(aq) + 2H,0 (3)
ambigel film and a Mn@ambigel film onto which OPD has been

electrochemically polymerized via a potential-pulse deposition. oMn"OOH + 2H" — Mn'V02 + Mn(i)(ag) + 2H,0  (4)

(Figure 2a). The PPD-coated MpCambigel retains a
significant degree of the initial porous structure of the
uncoated oxide (Figure 2b). Although some of the fine v . B
structure is obscured in this micrograph, the loss of resolution Mn™0O, +4H" +2e — Mn(ll)(aq) + 2H,0  (5)
may arise more from a decrease in conductivity at this surface

due to the polymer coating and the lack of an overcoat of with the initial MnQ, solid reduced to soluble Mn(ll) species.
gold rather than from the polymer carpeting over nanoscale Redeposition of Mn@ via electro-oxidation of Mn(ll) is
features. We observe similar morphological trends with inhibited in acid electrolytes, requiring high overpotentials

In either case, the overall reaction may written as

atomic force microscopy imagirt. and elevated temperatures to achieve significant deposition
Behavior of MNO; and PPD-MnO; Nanoarchitectures ratest®

in Acid. Prior to evaluating polymer-coated Ma@anoar- Electrochemical dissolution in acid electrolytes is exac-

chitectures in acidic electrolyte, we first consider the erbated at high-surface-area forms of Mn@s seen in the

electrochemical behavior of native uncoated Mrflims. cyclic voltammogram in Figure 3a for an ITO-supported

Reductive dissolution is initiated by reducing manganese (IV) birnessite-Mn@ ambigel film?22 This measurement is per-
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Figure 4. (a) Voltammograms for ITO-supported PPD-coated Ma@bigel films for the first three cycles; (b) corresponding spectroscopic
absorbance at a wavelength of 500 nm recorded simultaneously during the first three voltammetric cycles; (¢) voltammogram and differential
absorbancedfsoy/dt) at 500 nm for the first voltammetric cycle of PPD-coated Mn@) comparison of first-cycle voltammograms for
PPD-coated Mn@(—), a PPD film on ITO (- - -), and a clean ITO slide ). All measurements are performed in 0.1 M39, at a scan

rate of 4 mV s,

formed in a spectroelectrochemical cell so that the optical therefore effectively shielded from the acid electrolyte
absorbance of the MnOfilm can be monitored simulta-  (specifically, HO and hydrated protons). A significant
neously during the voltammetric scan. Manganese oxide is cathodic current begins at cat0.1 V (vs Ag/AgCl) and

an anodically coloring electrochromic oxide, where the continues to the-0.4 V potential limit. This electrochemical
optical absorbance is primarily assigned to the Mn(lV) feature is accompanied by a simultaneous decrease in the
oxidation staté’-38 Thus, spectroelectrochemical measure- spectroscopic absorbance at 500 nm, indicating the reduction
ments provide an in-situ, temporal measure of the electronic of Mn(IV) sites in the oxide. Because the reduction of the
state of the Mn@ film during electrochemical cycling.  Mn'" O, solid requires charge-compensating cations, we infer
Reduction of the Mn@film proceeds in multiple steps with  that protons from the acid electrolyte are transported through
peaks at ca+1.0 and+0.35 V. Each reduction is ac- the PPD coating to the underlying MpQt least within this
companied by a simultaneous decrease in the absorbance dimited potential range.

the film at 500 nm, indicating the reduction of the electro-  Minimal anodic current flows on the return sweep to
chromic Mn(1V) sites. At the end of the negative potential positive potentials whereas the spectroscopic absorbance
sweep, the absorbance is nearly zero, confirming the totalreaches a steady state, indicating no significant reoxidation
dissolution of the original Mn@ film. On the positive of Mn(lll) to Mn(IV) in the oxide film. However, unlike
potential sweep, neither an oxidation current nor an increasethe native MnQ, which exhibits complete dissolution and

in the optical absorbance is observed, indicating irreversible the total loss of absorbance from the initial film, the PPD-
dissolution. Manganese oxide can be electrochemically coated MnQ film retains most of its initial absorbance. The
redeposited at higher oxidation potentialsyaMnO,, but electrochromic response indicates that the Ms0lid is

the original polymorph (birnessite, a layered structure) and retained beneath the PPD coating but that the Mn(IV)/Mn-

pore architecture are not recovered. (Il electrochemistry has been rectified in the hybrid
The PPD-coated Mn£ambigel electrodes exhibit different  configuration.
electrochemical behavior with cycling in 0.1 M,80, On subsequent voltammetric cycles, qualitatively similar

electrolyte (Figure 3b). The first distinction is that PPD- voltammetric features for the PPD-coated Mné&dectrode
coated MnQ undergoes no electrochemical or spectroscopic are obtained, but with diminished cathodic currents that reach
changes in the potential range-b1.1 to+0.2 V over which steady state by the third voltammetric cycle (Figure 4a). The
the native MnQ@ undergoes its irreversible electrochemical spectroscopic response also exhibits a loss in absorbance on
dissolution process (Figure 3a). This invariance indicates thatthe second and third cycles over the potential range@p

the underlying oxide in the PPD-coated Mn€lectrode does  to —0.4 V but to a much lower degree than observed on the
not insert protons and electrons at the expected potentialsfirst cycle. Although the absorbance change qualitatively
for MnO, in acid electrolyte; the underlying MnOis tracks the loss in electrochemical current with cycling, there
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Scheme 2. Proposed Electrochemical Reaction Scheme for  Table 1. Summary of Electrochromic Efficiency Measurements

PPD for Various MnQ and PPD Electrode Configurations
H
| electrochromic efficiency,  (cm? C™1)
N\ NH ey e N NH,
. | sample A=400 nm A=450nm A=500nm A=550nm
N NH, -2H*-2e N NH, PPD-ITO? 7+1 28+1 33+1 17+4
n F|| n MnO,° 16+ 1 2+1 18 +2 13+1
PPD-MnO; 14+1 15+1 1242 8+2
X o i first cycle®
is far greater reversibility for the electrochromic processes PPD-MnO, 642 740 541 241
that the optical density represents. second cycle®
Under voltammetric conditions (i.e¥®/y), the electro- PPD-MnO; 5+1 6+2 5+1 2+1

chemical current is proportional to the derivative of the third cycle

oA .
absorbance,[] /g, for electrothomlc processes that adhere aPPD film deposited potentiostaticalli & +0.8 V) onto a 1-crAlTO
to the Beer-Lambert law. This method of spectroelectro- electrode from a solution of 50 mid-phenylenediamine in 0.1 M 430y

i i ivati ; The electrochromic efficiency data are derived under voltammetric condi-
chemical analysis, derivative cyclic voltabsorptométr; tions (4 mV s1) in 0.1 M H,SOu. P Electrochromic efficiency data are

may also be expressed in scan-rate-normalized teffds,  derived under voltammetric conditions (4 mv3in 0.2 M N&SQ, (pH

(differential absorbance)_ The spectroscopic response as a-6.2). ¢ Electrochromic efficiency data are derived under voltammetric
! . : : ) mi e

function of potential can thus be used to identify those S°Ndiions (4 MV s7in 0.1 M HSQ, (pH ~6.2).

features arising from electrochromic processes such as ion _ o _ _

insertion at MnQ. As seen in Figure 4c, the voltammetric ~€lectrochromic efficiencyy, which relates the change in

current strongly correlates with the differential absorbance a@bsorbance with the amount of electrochemical charge

for the feature centered at0.2 V, confirming that electro- passed. Under voltammetric conditions, the electrochromic

chromic processes are responsible for the observed electro€fficiency can be determined using= (*/u)j*, wherej is

chemical wave. the current densit’

The potential for the redox wave &t0.2 V for the PPD- We have examined the electrochromic efficiencies of the
coated MnQ corresponds well to previous reports for the Separate components, PPD and the mesoporous ;MnO
redox reactions of more conductive forms of PRER4+43 nanoarchitecture, as well as the PPD-coated Mhybrid

Although PPD has not been as thoroughly studied as otherover the wavelength range of 46650 nm. For the native
conducting polymers, there is general agreement that thel TO-supported Mn@ambigel film, the spectroelectrochemi-
redox process of PPD in aqueous acid involves a 1:1 proton/cal analysis is performed in aqueous 0.2 M:8Kay, in which
electron reactio?4244A highly simplified mechanism for ~ the MnQ; film is electrochemically stabl€.Direct derivative
the electrochemical activity of PPD in acidic aqueous Ccyclic voltabsorptometric analysis of the self-limiting form
electrolytes is given in Scheme*243 The actual reaction ~ 0f PPD on ITO electrodes is problematic because the low
may involve additional protonation/deprotonation, depending optical density of such ultrathin films does not yield reliable
on the electrolyte pH, as well as incorporation into the measurements foy. To circumvent this problem, we used
polymer of solvent and anions. We are currently investigating acidic condition® to deposit a thicker, more conductive form
the electrochemical and electrochromic properties of PPD of PPD on ITO electrodes, which was then examined by
films prepared at planar ITO electrodes from pH 9 borate Spectroelectrochemistry.
electrolyte. The PPD polymers, which deposit as self-limited  Electrochromic efficiencies for ITO-supported PPD and
insulating films from the basic monomer solution onto ITO, native MnG ambigels are shown in Table 1 for several
do exhibit voltammetric waves when cycled in acidic optical wavelengths. The Mn@lectrodes exhibit values of
electrolyte (Figure 4d, dashed line). n that are relatively consistent over the 4350 nm
Electrochromic Efficiencies. The spectroelectrochemical wavelength range (varying from 13 to 22 €8 1). The
analysis of PPD-Mn@hybrids is also complicated by the electrochromic efficiency varies considerably over this
electrochromism of the polymer film itself, which is ascribed wavelength range for ITO/PPD electrodes, from 7 @n*
to changes in the oxidation state of the polymer according at 400 nm to 33 ckhC* at 500 nm and 17 cC* at 550
to the reaction in Scheme 2. More highly conjugated nm. When examined over a range of wavelengths, the MnO
(phenazine-like) forms of PPD exhibit anodically coloring and the acid-derived (more conjugated) PPD components are
electrochromism in the wavelength range of 300 electrochromically distinguishable.
nm 334546\We also observe highly reversible color changes  The same spectroelectrochemical analysis is then used to
for the self-limiting form of PPD (electrosynthesized from evaluate polyg-phenylenediamine)-coated Mp@s a func-
pH 9 monomer solution) that coincide with less-well-defined tion of repetitive voltammetric cycles. On the first cycle for
voltammetric features (Figure 4c). The similarity in the PPD-coated Mng the electrochromic efficiencies range
direction (anodic coloration) and wavelength range for the from 14 cn? C* at 400 nm to 8 crhC ! at 550 nm. Both
electrochromism of Mn@ and PPD thus makes direct the actual values and the distribution @f over this
spectroelectrochemical analysis of Mndifficult. The wavelength range are similar to those of the native MnO
relative contributions of these two competing electrochromic film. For the second and third voltammetric cycles, the
responses may be qualitatively resolved by considering thevalues significantly decrease and are essentially invariant
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with wavelength. These trends are consistent with neitherbon or platinum surfaces from pH 7 lyotropic liquid
the MnG nor the acid-derived (more conjugated) PPD crystalline electrolyte to form a thin polymer layer with an
electrochromic processes. From these measurements, thexpected periodic porosif}. Although porosity within the
electrochromic process of the first voltammetric cycle is polymer film could not be characterized, these authors report
dominated by electronproton insertion at the underlying  permselectivity for cations and also anticipate sensing
MnO, domains. We presume that both the electrochemistry possibilities with such structures. Our investigation demon-
and spectroscopic response of the subsequent cycles are dustrates the feasibility of using electrochemical proton-gating
primarily to the overlying PPD coating but that this ultrathin, polymers in a hybrid configuration with metal oxide nanoar-
conformal version of PPD has an electrochromic efficiency chitectures as a new model for u|tracapacitor3, a|th0ugh a
that is altered relative to the isotropic morphology and more pinhole-free coating based on padyghenylenediamine) is
conjugated structure that arise for PPD derived from elec- not an optimal choice because it cannot support reversible
tropolymerization from acidic electrolytes. electrochemical cycling of the underlying Ma@hase. By
The change in electrochromic behavior noted for the PPD- selecting conducting polymer and metal oxide components
coated MnQ@ between the first and subsequent cycles is with more favorably matched redox potentials, hybrid
consistent with the irreversible reduction observed by cyclic organic-inorganic nanoarchitectures can now be developed
voltammetry (Figure 4a). On the basis of the electrochromic from low-cost metal oxides, including manganese and iron
measurements, we ascribe this irreversibility to preton  oxides, that are otherwise unstable in the high protonic
electron insertion at the underlying Ma@ form electrore- conductivity media desired for ultracapacitors.
duced Mi'OOH sites within the solid that are not reoxidized
on the anodic sweep. In numerous experiments, we observe Acknowledgment. Support for this research is provided
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