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a  b  s  t  r  a  c  t

We  have  redesigned  the  air cathode  for metal–air  batteries  by  adapting  fiber-paper-supported  carbon
nanofoams  as the  base  electrode  architecture.  Electrocatalytic  functionality  for  the  oxygen  reduction
reaction  (ORR)  is  added  into  the  conductive,  ultraporous  nanofoam  paper  by  electroless  deposition
at  the  carbon  walls  of conformal  nanoscopic  coatings  of birnessite-like  manganese  oxide  (10–20-nm
thick  MnOx)  via  redox  reaction  with  aqueous  permanganate  (MnO4

−). We  report  the  ORR  activity  mea-
sured  using  an  air-breathing  electroanalytical  cell  for a  series  of  native  and  MnO -functionalized  carbon
eywords:
etal–air
xygen reduction
athode
nO2

lkaline

x

nanofoams  in  which  the  size  of  the pore  network  is  varied  from  tens  to hundreds  of nanometers,  the thick-
ness of  the  air  cathode  is  varied,  and  the  degree  of  hydrophilicity/hydrophobicity  of  the  electrode  structure
is altered.  Technologically  relevant  ORR activity  is obtained  at 0.9  V  vs. Zn  for MnOx-functionalized  car-
bon nanofoams  that  are  ≥180-�m  thick,  have  pores  on the order  of  100–200  nm,  and  are  modified  with
hydrophobic  poly(vinylidene  difluoride).
arbon nanofoam

. Introduction

Metal–air batteries rely on gas-phase molecular oxygen as a pri-
ary reactant, where the O2-reduction reaction (ORR) catalyzed
ithin a thin, lightweight “air cathode” charge-balances the oxida-

ion of a bulk metal such as Zn at the anode [1,2]. Zinc–air batteries
chieve specific energy in excess of 400 Wh  kg−1 and 650 Wh  L−1 in

 coin-cell configuration, values that far exceed those of batteries
hat require two bulk-phase electrodes. The physical structure of
he air cathode must support multiple functions—O2(g) transport,
on transport, electrocatalytic reactivity—functions that currently
re adventitiously achieved using “brick-and-mortar” methods to
orm a powder composite comprising carbon black, catalyst par-
icles (typically manganese oxides), and a hydrophobic polymeric
inder [3–5]. Although functional, the ad-hoc distribution of voids
ithin the volume of the typical composite air cathode adversely
ffects O2(g) flux and limits the specific power of the metal–air
attery.

� This paper is based on a presentation that was given in the W-Symposium at the
MRS/MRS Meeting in Nice, France, 9–13 May  2011.
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We  have elected to apply an architectural perspective to a
redesign of the air cathode, using fiber-supported carbon nanofoam
papers as the base electrode platform [6,7]. Carbon nanofoam
papers are scalable, device-ready electrode structures that exhibit
the following desirable properties: (i) electrical conductivity
(10–200 S cm−1); (ii) mechanical integrity; (iii) high specific sur-
face areas (300–500 m2 g−1); and (iv) through-connected porosity
in three dimensions across submillimeter thickness, with the abil-
ity to tune the primary pore sizes from nanometers to micrometers
[8].

Electrocatalytic functionality is imparted to the carbon
nanofoam by incorporating conformal, nanoscale birnessite-like
MnOx coatings (10–20-nm thick) using a simple electroless
deposition procedure developed previously for fabricating nanoar-
chitectured electrodes for electrochemical capacitors [8–10]. This
electroless deposition protocol innately electron-wires the other-
wise poorly conducting MnO2 coatings to the massively parallel
3-D current collector (i.e., the carbon nanofoam) thereby obviating
the need for additional conductive carbon powder and the polymer
binders that are typically required to fabricate powder-composite
air cathodes. By using reaction conditions where MnO2 deposition
self-limits, it is possible to preserve the high-quality pore network
of the carbon nanofoam, which is critical in maintaining facile O2

transport throughout the volume of the air cathode.

This new formulation of the air cathode allows us to
explore four key parametric variants: (i) pore size (over a
range of ∼10–200 nm); (ii) electrode thickness (70–230 �m); (iii)

dx.doi.org/10.1016/j.jpowsour.2012.01.146
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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he presence or absence of nanoscale MnOx; and (iv) the importance
f the hydrophobic/hydrophilic character of the nanoarchitec-
ure. We  find that ORR activity in a three-electrode air-breathing
onfiguration improves when the nanoarchitectured air cathode
ontains: (i) a pore network of small macropores (50–200 nm); (ii)

 thickness greater than 180 �m;  (iii) carbon walls that are painted
ith a nanoscale MnOx electrocatalyst; and (iv) a hydrophobic coat-

ng (poly(vinylidene difluoride), PVdF) that is applied to the outer
oundary of the nanofoam electrode.

. Experimental

.1. Synthesis of carbon nanofoam papers

Carbon nanofoam papers with pore sizes ranging from 10s to
00s of nanometers and at a nominal thickness of 90, 180, or
70 �m were synthesized using an adaptation of our reported pro-
ocol [8] by infiltrating a commercial carbon fiber paper with an
queous resorcinol–formaldehyde (RF) sol followed by pressure
ooking, ambient-pressure drying, and pyrolysis. All reagents were
urchased from Aldrich and used without further purification; all
queous solutions were prepared with 18 M� cm H2O.

To prepare the RF sol, resorcinol, formaldehyde, and water
ere added to a glass jar with stirring followed by the addition

f a catalyst (sodium carbonate). The jar was sealed tightly; the
olution was stirred for 30 min  and then allowed to oligomerize
t room temperature for 3 h. The weight percentage of solids in
he precursor sol (wt% RF) and the resorcinol-to-catalyst molar
atio (R/C) were varied by adjusting the quantity of water and
he amount of catalyst while maintaining a molar ratio of 1R:2F
resorcinol:formaldehyde). For example, to produce a 40 wt%
F (1500 R/C) sol, one uses resorcinol (10 g; 0.0908 mol), water
10.89 g; 0.604 mol), 37% formaldehyde (14.74 g; 0.1816 mol) and

 mL  of a 20 mM stock solution of sodium carbonate (6.36 mg;
.06 mmol) (Caution: formaldehyde is a possible carcinogen, so
inimizing skin contact and inhalation exposure is desirable).
Plasma-etched commercial Lydall carbon fiber papers (stacked

or one– through three-layer construction to produce nanofoam
apers that were 90-, 180-, or 270-�m thick) were vacuum-

nfiltrated with the oligomerized RF sol, sealed in a glass-slide
ssembly with duct-tape and wrapped in aluminum foil. The sealed
ackets were cured overnight at room temperature and then
laced in a consumer-grade pressure cooker (Nesco 3-in-1 pres-
ure cooker) on a slow cook setting (88–94 ◦C) for 9.5 h, followed
y a warming cycle (80 ◦C) for ∼15 h. The RF nanofoam papers
ere removed from their packets, submerged in water, rinsed
ith acetone for ∼2 h, and then air dried. The resulting RF poly-
er  nanofoam papers were pyrolyzed under argon at 1000 ◦C for

 h using a 1 ◦C min−1 ramp to produce conductive, free-standing
arbon nanofoam papers.

To produce three distinct pore-size distributions, we  syn-
hesized two-layer carbon nanofoam papers using three RF
ormulations designated as 40/1500 (40 wt% RF (1500 R/C));
0/1500 (50 wt% RF (1500 R/C)); and 40/500 (40 wt% RF (500 R/C)),
espectively. Additionally, the 40/500 formulation was  used to infil-
rate one-, two-, and three-layer fiber-paper supports to fabricate
ominally 90-, 180-, and 270-�m thick nanofoam papers, respec-
ively.

.2. Functionalization of carbon nanofoam papers with MnOx

nd PVdF
Carbon nanofoam papers were modified with nanoscale,
irnessite-like MnOx via electroless deposition from an aqueous
aMnO4 solution [9,10].  Briefly, the carbon nanofoams were
 Sources 207 (2012) 191– 198

infiltrated with 0.1 M Na2SO4 under vacuum for 1 h to wet  the
interior pore walls of the hydrophobic nanofoam paper followed by
vacuum infiltration of 0.1 M NaMnO4 in 0.1 M Na2SO4 and soaking
for 1 h. The MnOx-modified nanofoam papers were removed from
solution and rinsed copiously, followed by soaking in H2O for 1.5 h,
exchanging every 30 min. The modified papers were dried at 50 ◦C
under flowing nitrogen overnight followed by heating to 120 ◦C
in air for 4 h. Selected MnOx-modified nanofoams were further
functionalized with a hydrophobic polymer by vacuum infiltrating
with a 3% solution of poly(vinylidene difluoride) (PVdF; Kynar
HSV900) in N-methyl-2-pyrrolidone (NMP) and soaking for ∼12 h
followed by blot-drying. The polymer-modified nanofoams were
then dried under N2 at ∼50 ◦C for 12 h.

2.3. Physical characterization of nanofoam papers

The weight loadings of MnOx in selected functionalized carbon
nanofoam papers were determined by ICP-AES (Galbraith, Inc.);
the weight loadings of PVdF on the hydrophobized nanofoams
were determined gravimetrically by measuring the mass of the
paper before and after deposition of PVdF with a microbalance
(±8 �g). The morphology of the carbon nanofoam papers before
and after functionalization with MnOx and PVdF were examined
by scanning electron microscopy (SEM; Carl Zeiss Supra 55 electron
microscope). The specimens were prepared by attaching small por-
tions of the nanofoams to aluminum stubs using carbon tape. The
pore–solid architectures of selected nanofoams were characterized
with N2-sorption porosimetry using a Micromeritics ASAP2010
analyzer. Samples were degassed at 120 ◦C under vacuum for at
least 24 h prior to analysis and the pore-size distributions were
calculated from the adsorption isotherm and fitted using a den-
sity functional theory (DFT) model for a cylindrical geometry and
Halsey curve thickness.

2.4. Assembly of an air-breathing three-electrode cell

The O2-reduction activity of carbon nanofoam-based electrodes
was characterized with an in-house-designed air-cathode cell [6]
that mimics cathode operation in an alkaline metal–air battery
(see diagram in Supporting information, Fig. S1),  but incorporates
an independent reference electrode [6,11].  The cell was assem-
bled by first attaching a nanofoam (∼8 mm × 8 mm)  to a Ni-foil
flag current collector (perforated with a 6.2-mm hole in the cen-
ter) using carbon epoxy (DAG EB-020A, Acheson Coatings) such
that the perforation was completely covered by the nanofoam.
The carbon nanofoam–Ni-flag composite was heated at 170 ◦C for
5 min  to cure the carbon epoxy. A bead of epoxy (Loctite, Hysol)
was placed along the outer edge of the nanofoam to provide addi-
tional mechanical integrity to the attachment of the nanofoam to
the Ni flag. Viton O-rings were aligned around the cut-outs of the
nanofoam–Ni-flag composite and sandwiched between two poly-
carbonate plates (Lexicon 9034 standard) with comparably sized
perforations, aligning all cut-out sections. The entire nanofoam–Ni-
flag–polycarbonate assembly was  affixed by four screws set at the
corners of the polycarbonate plates outside of the Ni flag. This cell
assembly was  then sandwiched between two  glass compartments
fitted with Viton O-rings. One compartment of the cell was exposed
to either ambient air or flowing argon; the other compartment was
filled with an alkaline gel electrolyte, taking care to ensure that the
gel electrolyte completely filled in the gap created by the O-ring
between the nanofoam–Ni-flag assembly and the polycarbonate

plate, thus making full contact with the carbon nanofoam electrode
surface. External electrical contact was  made to the nanofoam via
a tab on the Ni flag that extended beyond the dimension of the
polycarbonate plates.
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of 40 nm distributed from 5 to 80 nm,  whereas the macroporous
40/1500 nanofoam has little of its pore volume represented by
pores smaller than 100 nm and the 40/500 nanofoam has a mixed
distribution of both mesopores and macropores ranging from 5 nm

Table 1
Brunauer–Emmett–Teller (BET) surface areas, Barrett–Joyner–Halenda (BJH) pore
volumes, and weight percentage MnOx for two-layer nanofoams.

Sample BET surface
area (m2 g−1)a

BJH adsorption pore
volume (mL  g−1)a

wt% MnOx
c

50/1500 465 0.97 –
MnOx–50/1500 330 0.44 22
40/500 460 1.3 –
MnOx–40/500 375 1.1 20
40/1500 345 2.2b –
MnOx–40/1500 320 Undetermined 7.4
Fig. 1. Optical image of an ∼180-�m thick

.5. Electrochemical characterization of carbon nanofoams

The alkaline gel electrolyte was prepared by vigorously blending
2 g of 750 kDa poly(acrylic acid), PAA, in 200 mL  of 6 M KOH with a
onsumer-grade immersion blender until a viscous, translucent gel
as formed. Electrochemical measurements were made in the air-

athode cell using a Zn-wire reference electrode (independently
easured as 1.44 V vs. Hg/HgO, 1 M KOH) and a platinum-mesh

ounter electrode immersed in the alkaline electrolyte. Cyclic
oltammetric and chronoamperometric measurements were made
ith the cathode first exposed to argon and then to air. For

hronoamperometric measurements, the potential was stepped
rom 1.425 to 0.900 V vs. Zn, and held for 20 min  at each poten-
ial with the steady-state current determined once the capacitive
urrents of the electrode had decayed. The cyclic voltammograms
ere collected between 1.4 and 0.9 V vs. Zn at 5 mV s−1; the fifth

ycle in argon and the second cycle in air are presented in this study.
he area of the electrode was taken as the area of the perforation
ut into the Ni foil (0.26 cm2), which is the facial area of the carbon
anofoam electrode exposed to the electrolyte; the total mass of
he nanofoam electrode before attaching to the Ni flag was used
o normalize the measured capacitance. For comparison, a MnOx-
ontaining commercial air cathode (E-4 cathode; Electric Fuel) was
ested in the air-breathing cell using the same assembly and testing
rocedure developed for the nanofoam-based air cathodes.

. Results and discussion

.1. Characterization of modified and native carbon nanofoam
apers

We  chose carbon fiber paper as the molding form to fabricate
he carbon nanofoams because paper provides desirable, practical
eatures: a binder-free, device-ready structure and a macroscopic
orm-factor that can be readily scaled in x and y to establish the
eometric footprint and in z to vary thickness by stacking multiple
ayers (ply) of paper (see Fig. 1). In addition to the ability to scale
o macroscopic dimensions, the porosity of the nanofoam is easily
uned during synthesis for mesopores (5–50 nm), small macro-
ores (50–200 nm), or large macropores (>500 nm)  by adjusting
he resorcinol–formaldehyde formulation [8].  These size regimes
rovide sufficient headspace for further modification of the

anofoam papers with electrocatalytic functionality (e.g., MnOx

r metal nanoparticles) without occluding the open pore net-
ork that is needed in rate-critical electrochemical applications

12–14].
), 25 cm2 40/500 carbon nanofoam paper.

The scanning electron micrographs, shown in Fig. 2, give testi-
mony to the dramatic variation of pore–solid architectures that is
obtained for the carbon nanofoam papers by adjusting the weight
fraction of solids (wt% RF) and the resorcinol-to-catalyst molar ratio
(R/C) in the precursor RF sol. Three distinct pore-size distributions
were fabricated for this study: small macropores; mesopores; and
a mixed distribution of both mesopores and macropores by using
RF formulations designated as 40/1500 (40 wt%  RF (1500R/C));
50/1500 (50 wt% RF (1500R/C)); and 40/500 (40 wt% RF (500R/C)),
respectively. The porosity retains registry between one-, two-,
and three-ply nanofoam papers with the pores open and inter-
connected in 3D; typically the surface pores, shown in Fig. 2, are
slightly larger than pores found within the interior, as we previ-
ously reported [8].

Nitrogen-sorption porosimetry, a technique that character-
izes pore-sizes below ∼100 nm,  was used to quantify the bulk
mesopore-to-small-macropore-size distribution for the three car-
bon nanofoam architectures. The pore-size distribution plots are
shown in Fig. 2d and the BJH (Barrett–Joyner–Halenda) pore vol-
umes and BET (Brunauer–Emmett–Teller) surface areas that were
determined from the porosimetry measurements are listed in
Table 1. Although N2-sorption does not provide a complete descrip-
tion of the larger pores found in the 40 wt% RF nanofoams (see
SEM micrographs in Fig. 2), it establishes that there are clear dif-
ferences between the three nanofoam papers. The porosimetry
results are consistent with the microscopy data and show that
the 50/1500 nanofoam is mesoporous with an average pore size
a Values are ±2% for replicate analyses within batch and ±10% for batch-to-batch
analyses.

b Value derived from mercury porosimetry [8].
c Values determined by ICP-AES analysis.
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ig. 2. Scanning electron micrographs of carbon nanofoam papers synthesized with
R/C)  in order to shift the resulting pore-size distribution: (a) 40/1500, (b) 50/1500
orresponding to the carbon nanofoams in (a) – (c).
o >100 nm.  We  previously showed using Hg-intrusion porosime-
ry [8] that the pore sizes of the 40/1500 nanofoam range from
00 to 200 nm.  We  did not characterize the larger macropores
f the 40/500 nanofoam for this study, but on the basis of the

ig. 3. Scanning electron micrographs of MnOx-modified carbon nanofoams synthesized
atio  (R/C) of (a) 40/1500, (b) 50/1500, and (c) 40/500; (d) representative pore-size distri
0/1500 nanofoams.
d weight fraction of solids (40 or 50 wt%  RF) and resorcinol-to-catalyst molar ratios
 (c) 40/500; (d) pore-size distribution plots derived from N2-sorption porosimetry
micrographic data, some of the pore volume is indeed contained
within pores larger than 100 nm. The BET surface areas were
465, 460, and 345 m2 g−1 for the 50/1500, 40/500, and 40/1500
nanofoams, respectively (see Table 1).

 with weight fraction of solids (40 or 50 wt% RF) and resorcinol-to-catalyst molar
bution plots derived from N2-sorption porosimetry for native and MnOx-modified
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Fig. 4. Cyclic voltammograms in 6 M KOH/PAA electrolyte at 5 mV s−1 in (—) argon flow and (– – –) static air of (a) 40/500 carbon nanofoam and (b) MnOx–40/500 carbon
nanofoam. The electrode geometric area is defined as the area of the circular hole cut in the nickel-foil current collector.
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ig. 5. The current–potential responses in 6 M KOH/PAA electrolyte over (a) the ons
anofoams in (©) air and (�) argon and for a native 40/500 carbon nanofoam in (�)

rom  1.425 to 0.9 V vs. Zn). The electrode geometric area is defined as the area of th

To incorporate ORR electrocatalytic functionality into the car-
on nanofoam papers, we deposited MnOx coatings (10–20-nm
hick) via the self-limiting redox reaction of aqueous permanganate
MnO4

−) at the exterior and interior carbon surfaces [9,10];  mod-
fication of carbon powders and nanostructures by permanganate
as also been used to catalyze ORR in powder composite air cathode
tructures [4,15,16]. The scanning electron micrographs of MnOx-
odified nanofoams demonstrate that the width of the pore net-
ork narrows, the MnOx forms a nanoscale, conformal coating, and

he open pore network is not occluded (compare Fig. 3 to the corre-
ponding micrographs of native carbon nanofoams shown in Fig. 2).
itrogen-sorption porosimetry confirms that the pore structure
f the native carbon nanofoam is retained after MnOx deposition

Figs. 3d vs. 2d and S2),  but with a decrease in cumulative pore
olume (Table 1), particularly for nanofoams containing smaller
ores. Elemental mapping by energy-dispersive spectroscopy of
nOx-painted carbon nanofoam papers demonstrates that MnOx

ig. 6. Scanning electron micrograph of (a) MnOx–50/1500 carbon nanofoam paper afte
orosimetry for native, MnOx-modified, and PVdF + MnOx-modified 50/1500 nanofoams.
ntial region and (b) the entire potential window for MnOx-modified 40/500 carbon
e steady-state currents were taken after 20 min after each potential step (stepping
lar hole cut in the nickel foil current collector.

is distributed homogeneously throughout the exterior and interior
of the paper [9,10] (as seen for the surface of papers in this study,
Fig. S3).

The weight loading of MnOx on the carbon nanofoam papers
is controlled by the time of contact with the MnO4

− solution, the
solution concentration, and—because the MnOx deposits in a con-
formal fashion without filling the open pores—the substrate surface
area. The formulations that generate higher specific surface area
accommodate higher loadings of MnOx: 20 and 22 wt% MnOx for
the 40/500 and 50/1500 two-ply nanofoam papers, respectively,
vs. 7.4 wt%  MnOx for the 40/1500 nanofoam with ∼25% lower
surface area. The one-, two-, and three-layer 40/500 nanofoams
had MnOx loadings of 21, 20, and 17 wt%, respectively; with a

typical 10% batch-to-batch variation, these weight loadings only
change slightly with thickness, as previously reported [8],  again
highlighting the quality of the interconnected pore volume across
submillimeter lengths.

r dip-coating with PVdF; (b) pore-size distribution plots derived from N2-sorption
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Fig. 7. The effect of adding a hydrophobic component (PVdF) to the nanofoam archi-
tecture. Steady-state current densities for (a) 40/500 nanofoam with and without
MnOx and with and without PVdF, (b) one-, two-, and three-ply 40/500 nanofoams
after modifying with MnOx and PVdF and (c) 2-ply nanofoams of different pore
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.2. Electrochemical characterization of modified and native
arbon nanofoam papers

To assess ORR activity in our re-designed air-breathing electrode
t is important to minimize pore-flooding, which limits current den-
ity by hindering O2(g) transport throughout the volume of the
orous cathode to the triple-phase boundaries, where O2 dissolved

n the OH−-conducting electrolyte reacts at the MnOx/carbon elec-
rocatalytic interface. In an optimized air cathode, the quantity of
lectrolyte is metered such that it infiltrates the pores and con-
acts the catalytic surfaces without completely flooding the open
hannels—only the walls are wetted. If an unflooded pore volume is
chieved in our redesigned air-cathode nanoarchitecture, one can
hen more accurately assess the effect of the nature and weight
oading of the electrocatalyst, the size and distribution of the pore
etwork, and the macroscale thickness of the air cathode on per-

ormance.
The air-breathing electroanalytical cell [6,11],  which differs

rom conventional three-electrode cells in that the cathode is not
ntentionally flooded with electrolyte, allows us to gauge how ORR
ctivity is affected by the wetting of the internal surfaces and the
egree of pore flooding of the nanofoam electrode—processes that
re influenced by the hydrophobic/hydrophilic character of the
athode, its pore-size distribution, and the viscosity of the elec-
rolyte. This cell design also permits rapid toggling between air (or
2) and an inert gas in contact with the open face of the nanofoam
athode. In the absence of oxygen, the voltammetric response of
he native carbon nanofoam is rectangular and symmetric, result-
ng from double-layer charge storage at the surfaces of the porous
arbon (see Fig. 4a for the 40/500 nanofoam). The MnOx-modified
nalog also displays a similar capacitive response under argon but
ith a larger magnitude (see Fig. 4b), an effect that can be ascribed

o the redox pseudocapacitance of the nanoscopic MnOx coating
9,10,17], and also to facile wetting of an initially hydrophobic
lectrode structure made hydrophilic by coating the walls with
nOx.
When exposed to air, the native carbon nanofoam exhibits

dditional cathodic current and a redox peak that arises from O2
eduction (Fig. 4a); an oxidation peak at >1.25 V vs. Zn on the
ositive-going sweep is ascribed to oxidation of residual peroxide
HO2

−), the product of the two-electron reduction of O2 at car-
on surfaces in alkaline medium [18,19].  For the more capacitive
nOx-modified nanofoam, the ORR current is superimposed on the

apacitive background in the negative scan (Fig. 4b). The oxidation
f HO2

−is not observed at MnOx-modified nanofoams, consistent
ith the known catalytic activity of MnOx to decompose peroxide

ntermediates during oxygen reduction in alkaline medium [3,5].
he cyclic voltammograms for 50/1500 and 40/1500 nanofoam
apers, before and after electroless deposition of nanoscopic MnOx,
re similar to the data shown in Fig. 4 (see Fig. S4).

In the air-breathing cell, we obtain quantitative steady-state
urrent densities for the carbon nanofoam papers, free of the
verwhelming capacitive background, by stepping the potential
hrough the O2-reduction wave (Fig. 5). Negligible steady-state cur-
ent is measured under flowing argon, indicating that O2 reduction
s the source of the increased current in static air. The addition of

nOx at the walls of the carbon nanofoam provides the anticipated
atalytic function, as seen by the shift in the onset of cathodic cur-
ent to more positive potential (i.e., lower overpotential for ORR;
ee Fig. 5a). The onset potential for cathodic current is 1.41 and
.35 V vs. Zn at −0.1 mA  cm−2 for the MnOx-modified and native
anofoams, respectively; these potentials are consistent with those

bserved for ORR at carbon and MnOx-catalyzed carbon surfaces
n aqueous alkaline electrolytes [20–22].  The lowered overpoten-
ial for ORR at MnOx-modified nanofoams is independent of the
ore-size distribution and the electrode thickness of the catalyzed
structures after modifying with MnOx and PVdF.

nanofoams (Fig. S5),  as expected because the overpotential for ORR
depends on the nature of the catalyst and not on the morphology
of the electrode.

At high overpotentials for ORR the catalytic benefits of the
MnOx coating are less evident, and the activity of the native car-
bon nanofoam can even be greater (Fig. 5b). Under such conditions
the current density is transport-limited, i.e., controlled by the rate
at which O2 reaches the catalytic surfaces, and thus depends on the
extent of electrolyte infiltration, O2 flux within the volume of the

nanofoam, and electrode thickness. We  posit that the hydrophilic
nature of the MnOx coating induces electrolyte flooding throughout
the nanofoam pore structure, resulting in poor O2-flux to catalytic
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Fig. 8. Cross-sectional schematic of the air/cathode/electrolyte in

ites and lower current densities once transport-limited conditions
re reached.

.3. Introducing hydrophobicity to MnOx-modified carbon
anofoams

Air cathodes should be designed to balance the infiltration of
lectrolyte pathways to catalytic surfaces with retention of open
ore channels to ensure facile gas diffusion within the electrode
tructure. Conventional air cathodes contain a polymeric additive
e.g., Teflon or PVdF) that both binds together the powder compos-
te and imparts hydrophobic character to the electrode, thereby

inimizing electrolyte flooding [23,24]. As a device-ready elec-
rode structure, the MnOx-painted carbon nanofoam paper has no
olymeric binder, thus its surface energy is dominated by the oxide.

We re-introduce hydrophobicity into our binder-free, MnOx-
odified nanofoam papers by simply dipping the paper into a

olution of PVdF in NMP. The dip-coated PVdF forms islands on the
xterior boundaries of the 40/500 and 50/1500 nanofoams while
nly partially blocking outer pore mouths (Fig. 6a), whereas for
he 40/1500 nanofoam the polymer coats the surfaces of the much
arger pores (>100 nm)  (Fig. S6).  Nitrogen-sorption porosimetry
efore and after introduction of PVdF indicates that the meso-
ore/macropore network of the nanofoam is not significantly
ltered, suggesting that the high molecular weight PVdF coating
eposits primarily at the outer boundaries of the nanofoam, with

imited intrusion into the bulk volume of the nanofoam paper
Figs. 6b and S7).

Treatment with PVdF dramatically increases the ORR activity
f the MnOx-modified nanofoams (Fig. 7a), with up to four-fold
nhancement in current densities at high overpotentials for the
0/500 nanofoam (10 vs. 42 mA  cm−2 at 0.9 V for native and PVdF-
reated MnOx-modified nanofoams, respectively). The addition of
VdF as a boundary coating likely counteracts the hydrophilic char-
cter of the MnOx coating by providing a balance between sufficient
lectrolyte wetting of active surfaces vs. flooding the pore structure.
s a control experiment, we applied the same PVdF treatment to

 representative carbon nanofoam (40/500) with no MnOx coating.
teady-state measurements under static air showed that the PVdF
oating had no significant impact on ORR activity for the native car-
on nanofoam electrode (Fig. 7a), which is innately hydrophobic
nd not likely to experience flooding.

After establishing that the hydrophobic treatment is critical to
ealize technologically relevant ORR activity, we  applied the same

VdF deposition to a series of MnOx-modified carbon nanofoams in
rder to systematically examine the effects of electrode thickness
nd pore-size distribution. Using the 40/500 nanofoam formula-
ion, we determined that the ORR activity increases as we increase
e without (left) and with (right) the hydrophobic boundary layer.

nanofoam thickness from one- to two- to three-ply (∼90-, 180-,
and 270-�m thick, respectively), with the largest jump in activity
occurring between one-ply and two-ply (Fig. 7b). When we  control
electrode flooding with PVdF treatment, thicker electrodes provide
a more extended reaction zone per geometric area, which explains
the higher observed ORR current density as thickness increases.
Ultimately long-range OH− transport through the electrode vol-
ume  should limit the extent to which we  can achieve gains in ORR
activity by increasing thickness. Well-wired ion transport along
the walls of the nanofoam could, however, ameliorate even this
limitation.

The pore-size distribution of PVdF treated MnOx-modified
nanofoams, which we easily tune during synthesis by adjusting
the RF formulation, is critical for ORR activity. We  observe higher
rates of O2 reduction for the macroporous 40 wt%  RF nanofoams
compared to the primarily mesoporous, higher specific surface area
50/1500 nanofoam (Fig. 7c), consistent with the fact that smaller
pores should flood more easily via capillary forces. Furthermore,
the activity at high overpotential (i.e., high rate) of the relatively
mesopore-free 40/1500 nanofoam is >2× that of the mixed meso-
and macroporous 40/500 nanofoam (90 vs. 42 mA cm−2 at 0.9 V for
the 40/1500 and 40/500 nanofoams, respectively) and a >seven-
fold increase in activity compared to its PVdF-free MnOx-modified
analog (see Fig. S5). Unlike the macropore-containing nanofoams,
which show significant improvement in ORR activity following
PVdF modification, the 50/1500 nanofoam has only modestly
improved activity compared to its PVdF-free equivalent, suggesting
that the small mesopores flood even after the hydrophobic treat-
ment (Fig. S8). Further refinement of the PVdF deposition technique
to increase hydrophobicity and prevent flooding of the mesoporous
nanofoam architectures should boost their ORR activity by facil-
itating rapid transport of O2 through the high-surface-area pore
networks that are otherwise flooded.

The O2-free pseudocapacitance of the MnOx-modified
nanofoams can be used to assess electrochemically active surface
area because MnOx surfaces are only in the circuit to register
pseudocapacitance when wetted by electrolyte that is in contact
with the bulk electrolyte phase. When expressed in terms of
areal (footprint)-normalized capacitance, the voltammograms of
untreated and the corresponding PVdF-treated MnOx-modified
nanofoams (40/500 and 40/1500) are nearly indistinguishable (see
Fig. S9),  indicating that electrolyte pathways permeate the struc-
tures to a comparable degree despite the hydrophobic boundary
of the PVdF-treated electrodes. The similarity in capacitance con-

trasts with the four- and seven-fold enhancements in ORR  activity
when PVdF is present (Figs. 7a and S5), indicating that electroactive
surface area is not the limiting factor that establishes ORR activity
in the nanofoam-based electrode architecture. Rather, we  interpret
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hese results to indicate that, in the case of PVdF-treated MnOx-
odified nanofoams, a larger fraction of the mesopore/macropore

olume remains open, allowing a higher flux of O2(g) throughout
he porous architecture, while the electrode walls are still wetted
ith electrolyte to provide transport pathways for OH− generated

y O2 reduction (see schematic in Fig. 8).

. Conclusions

We have now established the basic design rules for construct-
ng air cathodes based on carbon nanofoam papers: (i) adding the
onformal, nanometers-thick, birnessite-like MnOx coating shifts
he onset potential for ORR by >60 mV;  (ii) nanofoams with pores
n the small macropore range (> 50 nm)  outperform those that
re primarily mesoporous (< 50 nm)  with respect to ORR activity;
iii) thicker nanofoams significantly enhance ORR current densi-
ies; and (iv) adding back hydrophobic character to the hydrophilic

nOx-modified nanofoams is critical to achieve relevant ORR activ-
ty. Our preliminary results for ORR activity are competitive with
ommercially available air cathodes tested in this cell configuration
see Fig. S10) but further refinements in structure and composi-
ion are required to realize the performance enhancement that an
rchitectural re-design can provide. We  have yet to determine the
est blend of pore size and surface area in the nanoarchitecture
nd the corresponding optimal electrode thickness for that archi-
ecture. The degree and dispersal of the hydrophobic component
s not optimized. The birnessite-like MnOx that is produced by the
ermanganate-based redox deposition is also not the most active
olymorph to catalyze O2 reduction [20,25]. The architectural
pproach provides additional opportunities to explore: fabricat-
ng gradients on both pore size and MnOx distribution to further
nhance molecular and ion transport through the macroscale thick-
ess of the air-cathode architecture.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jpowsour.2012.01.146.
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