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D E P A R T M E N T  O F  C H E M I S T R Y  

S I M O N  F R A S E R  U N I V E R S I T Y  

Overview 

 Proton Transport in Ultrathin Catalyst Layers 
 Single Pore Model 

– Metal phase surface charge density 
–  Steady state model 
–  Impedance variant 

 EIS of 3M Nanostructured Thin Films - Challenges 
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Ultrathin Catalyst Layers (UTCLs)  
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[3] M. Saha et al., EA. 51, 4680 (2006)  

[2] JM Tang et al., Aust. J. Chem. 2007, 60, 528–532           
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Fig. 2. (a) CNTFSM–Pt/SWNT held with tweezers. (b) TEM of Pt nanoparticles deposited onto SWNT bundles. (c) RD
diffraction pattern for Pt/SWNT.

at 145◦C for 3 min. The resulting 5 cm2 fuel-cell devices were
placed in between two opposing graphite bipolar plates with
serpentine flow patterns (Electrochem, Inc.,Woburn, MA, USA)
and tested using an automated fuel-cell test station.

The fuel-cell electrocatalysts were analyzed by transmission
electron microscopy (TEM, Philips Tecnai 12; FEI (Philips)
Hillsboro, OR, USA) and X-ray diffraction (XRD, Bruker AXS
D8Advance).The CNTFSM–Pt/SWNT thickness was estimated
from scanning electron microscopy (SEM, Philips XL30-FEG)
by imaging cross sections of the thin films. Two fuel-cell devices
were made at a scale of 5 cm2 and tested in an automated fuel-cell
test station (Model 890B; Scribner Associates, Southern Pines,
NC, USA) with custom-built humidifiers. Cell temperatures
were maintained at 70◦C. Anode and cathode flow conditions
were held at 0.2 standard L min−1. Hydrogen and oxygen were
used at the anode and cathode, respectively. Anode and cathode
humidifier temperatures and pressures were identical at 80◦C
and 35 psig.

Results and Discussion

Typical TEMs show 1–4 nm sized Pt particles well dispersed
throughout the SWNT bundles (see Fig. 2). From XRD pat-
terns, the average Pt particle sizes are calculated from Pt <220>
peaks using the Scherrer equation.[9] Pt/SWNT has an average
Pt particle size of ∼1.5 nm.

Pt/SWNTs were used to form a free-standing thin film of
1.3 µm thickness (0.082 mg Pt cm−2), which is much thinner
than the conventional E-TEK 30 wt.-% Pt/XC-72 carbon black-
based catalyst that forms an ∼8 µm (0.084 mg Pt cm−2) thick
layer when sprayed onto the GDL. The resulting fuel-cell polar-
ization curves demonstrated that the thinner 1.3 µm catalyst layer
performed the best in comparison with the thicker conventional
E-TEK 30 wt.-% Pt/XC-72 fuel cell (see Fig. 3). The CNTFSM–
Pt/SWNT also exhibits a higher cathode specific mass activity
than the E-TEK 30 wt.-% Pt/XC-72 at a similar Pt loading
(see Fig. 4).

The comparisons were made between the two cata-
lysts by using similar cathode configurations. The Pt load-
ings of 0.084 mg Pt cm−2 for the Pt/XC-72 cathode and
0.082 mg Pt cm−2 for the Pt/SWNT cathode are nearly the same,
and both cathodes do not have Nafion impregnated into the cata-
lyst layer. The CNTFSM–Pt/SWNT cathode reveals surprisingly
high performance at a peak power density of 0.675 W cm−2

and does so without the impregnation of Nafion. The E-TEK
30 wt.-% Pt/XC-72 cathode reaches a peak power density of only
0.395 W cm−2, only a little more than half of the peak power
density of the CNTFSM–Pt/SWNT. This demonstrates that the
SWNT is a superior catalyst support while additionally allowing
for the elimination of Nafion from the catalyst layer.

The other instance where Nafion is eliminated from the cat-
alyst layer was accomplished by Debe at 3 M, who reports

M.K. Debe et al. / Journal of Power Sources 161 (2006) 1002–1011 1003

Nomenclature

CV cyclic voltammograms
Ea activation energy for surface area loss
ECSA electrochemical surface area
G pre-exponential constant
GDL gas diffusion layer
k Arrhenius rate constant
MEA membrane electrode assembly
N number of CV cycles
NSTF nanostructured thin film catalyst
OCV open circuit voltage
p influence parameter in linear regression analysis
Pt/C Pt on carbon catalysts
PDS potentiodynamic polarization scan
PEM proton exchange membrane
PSS potentiostatic scans
R2 least squares fitting parameter
Smin minimum normalized surface area

factors contribute to reduced durability from Pt catalyzed elec-
trochemical corrosion of the carbon support itself, and loss of
electrochemical surface area (ECSA) due to Pt particle agglom-
eration and dissolution at high potentials [2–6]. It is generally
believed that carbon particle supports, whether carbon blacks,
graphitized carbon or carbon nanotubes, are required for ade-
quate electronic conductivity in low catalyst loading PEM fuel
cell electrodes. For highly dispersed electrocatalysts on those
supports that is true. For a different electrocatalyst structural
paradigm however, carbon support particles are not required.

The 3M nanostructured thin film (NSTF) catalyst is such a
non-conventional catalyst. Incorporated into an MEA, it con-
tains neither carbon nor additional ionomer in the electrode
layers that are 20–30 times thinner than conventional dispersed
Pt/carbon based MEAs [7]. Fig. 1 shows SEM images of the
NSTF catalyst-coated whiskers, roll-good fabricated by an all-
dry continuous process, prior to incorporation onto the surfaces
of a PEM to form a catalyst-coated membrane. Fig. 2 shows
an SEM cross-section of one side of the catalyst-coated mem-
brane, also fabricated by a dry roll-good process, illustrating
the extreme thinness of the electrode layer. The NSTF cata-
lysts comprise high aspect ratio elongated particles formed by
vacuum coating catalyst thin films onto a monolayer of oriented
crystalline organic (pigment) whiskers [7]. The organic whiskers
are highly inert thermally, chemically, and electrochemically
[8]. The thin film catalyst coating encapsulates the crystal-
lized pigment whisker support particles, eliminating issues with
oxidatively unstable supports. The thin film catalyst coatings
consist of relatively large crystallite domains or nanoscopic par-
ticles, which give to the NSTF catalysts both enhanced specific
activity [9], and resistance to loss of surface area by Pt disso-
lution [8,10]. Most notable is the five-fold or greater gain in
specific activity of the NSTF catalysts over high surface area
dispersed Pt/carbon [9,11,12]. We currently associate this fun-
damental gain in catalyst turn-over rate to be a consequence in

Fig. 1. Scanning electron micrographs of typical NSTF catalysts as fabricated
on a microstructured catalyst transfer substrate, seen (top) in cross-section with
original magnification of ×10,000, and (bottom) in planview with original mag-
nification of ×50,000. The dotted scale-bar is shown in each micrograph.

Fig. 2. Scanning electron micrograph of an NSTF catalyst electrode layer after
transfer to the surface of the PEM. The cross-sectional view of the catalyst-
coated membrane surface at an original magnification of ×50,000 shows the
carbon and ionomer free electrode layer thickness is less than 0.3 !m.

R. Zeis et al. / Journal of Power Sources 165 (2007) 65–72 69

Fig. 5. Transmission electron micrographs of Pt-NPGL membranes corresponding to points on the Pt loading curve of Fig. 4.

Pt loading to correspond to ∼2 monolayers (ML) at the low
end (0.01 mg cm−2) increasing to ∼10 ML at the high end
(0.05 mg cm−2). Transmission electron microscopy of samples
with differing amounts of Pt-plating correlated to the load mea-
surement are shown in Fig. 6. It is only when 5–6 ML of Pt
(∼2 nm) are deposited that the surface undergoes a morpholog-
ical transition and becomes bumpy.

Based on our observations, we believe that the growth of
Pt on NPGL can be described as the Stranski–Krastanov mode
[11,15], a strained layer epitaxial crystal growth mode in which
a smaller lattice parameter material is deposited onto a sub-
strate with a larger lattice parameter. Here, Pt has a 4% smaller

Fig. 6. Charge density corresponding to adsorbed hydrogen on Pt-NPGL MEAs
vs. Pt load.

lattice parameter than Au, and we also know from previous
work that deposition is epitaxial [11,16]. In the initial stages
of growth, the lattice mismatch is accommodated by an elas-
tic strain of the Pt layer; in fact, one would expect the lattice
parameter of Pt at this stage to be that of gold. Thus, in the
early stages (<0.028 mg cm−2), Pt forms a “wetting layer” uni-
formly coating the NPG substrate. However, Pt strain energy
increases sharply with continued growth, and after a few mono-
layers Pt growth switches to a lower energy mode via formation
of partially strain-relaxed three-dimensional islands. Islands are
energetically favorable because they can relieve their in-plane
strain by relaxing out-of-plane. These epitaxial islands of Pt are
uniform in size and are evenly distributed over the substrate.
Thus, in the late stages of growth we might expect that the sur-
face area is slightly increased relative to that in the low Pt load
samples, and that the lattice parameter of surface Pt is closer to
that of bulk Pt; of course, in the late stages, there is also buried
Pt, so the overall Pt load will be higher.

An important aspect to consider regarding the growth is
the potential formation of surface alloys in the early stages of
growth. We cannot discount this possibility, however, the Au–Pt
(bulk) phase diagram shows only limited solubility at room
temperature, where we have done all our processing. Studies
of vacuum-deposited epitaxial Pt on Au(l 1 1) have shown that
there is substantial intermixing during the first monolayer of
deposition, but the second monolayer deposited is pure Pt [17].
In our case, any intermixing cannot be more than just a couple of
atomic layers, because we have also previously shown that one

Carbon Nanotube 
Supports [2]


3M 
Nanostructured 

Thin Films [1]




Support-free 

Layers [3]


Pt-plated 
nanoporous Au 

leaf [4]


3 



  Variety of Materials and Structures


•  Pore structure: random or ordered

•  Catalyst support: CNTs, whiskers, support-free, etc.

•  Pt: nanoparticles or continuous film


  Ionomer-free 

  Thickness 20nm-1μm







Proton Transport in UTCLs 

 

1) Bulk proton transport controlled by surface charge [1] 

 

 
 

2) Surface transport of protons [4] 
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OTS Modified Silica Channels [3] 

Surface-Charge-Governed Ion Transport in Nanofluidic Channels

Derek Stein, Maarten Kruithof, and Cees Dekker
Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands

(Received 15 April 2004; published 15 July 2004)

A study of ion transport in aqueous-filled silica channels as thin as 70 nm reveals a remarkable
degree of conduction at low salt concentrations that departs strongly from bulk behavior: In the dilute
limit, the electrical conductances of channels saturate at a value that is independent of both the salt
concentration and the channel height. Our data are well described by an electrokinetic model
parametrized only by the surface-charge density. Using chemical surface modifications, we further
demonstrate that at low salt concentrations, ion transport in nanochannels is governed by the surface
charge.

DOI: 10.1103/PhysRevLett.93.035901 PACS numbers: 66.10.–x, 82.65.+r

Nanoscale fluidic channels represent a new regime in
the study of ion transport. Recent advances in the fabri-
cation of ultraconfined fluidic systems such as nanoscale
‘‘lab-on-a-chip’’ type devices [1–3] and synthetic nano-
pores [4–6] raise fundamental questions about the influ-
ence of surfaces on ion transport. In particular, surface
charges induce electrostatic ion (Debye) screening and
electrokinetic effects such as electro-osmosis, streaming
potentials, and streaming currents [7–9] that may have
large effects on conductance in nanochannels, as sug-
gested by studies of colloidal suspensions [10] and
biological protein channels [11]. Here we present experi-
ments that directly probe ion transport in the nanoscale
regime, and reveal the role of surface charge in governing
conductance at low salt concentrations.

Nanofluidic channels [Fig. 1(a)] were fabricated fol-
lowing a silicate bonding procedure similar to that of
Wang et al. [12]. Briefly, channels 50 !m wide and
4:5 mm long were patterned between 1:5 mm! 1:5 mm
reservoirs using electron beam lithography on fused silica
substrate. A reactive CHF3=O2 plasma then etched into
the fused silica at a rate of 30 nm=min, and was timed to
stop when the desired submicron channel depth was at-
tained. The depth of the resulting channel, h, was mea-
sured using an "-stepper profilometer. The channels were
sealed by first spinning a 20 nm layer of sodium silicate
from 2% solution onto a flat fused silica chip, then press-
ing the silicate-coated surface to the patterned channel
surface, and finally curing the device at 90o C for 2 h.

The channels were filled by introducing distilled, de-
ionized (18 M! cm) water into the large fluidic reser-
voirs, from which point capillary forces were sufficient
to draw the water across the channels. The electrical
voltage source and IV converter were connected to the
fluidic channel with negligible resistive loss via silver
wires inserted into the reservoirs [Fig. 1(b)]. The channels
were cleaned of ionic contaminants using electrophoretic
pumping: The ionic current was observed to decay while
10 V were applied across the channels to drive out ionic
impurities. The reservoirs were periodically flushed with
fresh solution until the current equilibrated to a mini-

mum, which typically took "20 min. This procedure was
also followed to replace different dilutions of 1 M potas-
sium chloride (KCl), 10 mM TRIS, pH # 8:0 aqueous
salt solution that were tested in the channels. The KCl
concentration is denoted n. The dc conductances of chan-
nels were determined by fitting the slope of the ionic
current as a function of the applied voltage, which was
stepped from $5 to %5 V in 1 V intervals every 2 s, in
which time current transients were observed to decay.

We have found ionic transport in silica nanochannels
to be characterized by a significant enhancement in

50 m 

4.5mm

~100nm

height = 1015nm

height = 70nm

bulk conductance

FIG. 1. Illustrations of (a) nanochannel assembly and
(b) cross-sectioned side view with the electrical measurement
apparatus. (c) Conductance of h # 1015 and 70 nm aqueous-
filled, fused silica channels as a function of n. The lines depict
the conductance expected in each channel from the conductiv-
ity of the bulk solution.
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due to the chemistry of proton adsorption [15,17,18]. In
particular, the sensitivity of conductance measurements
to surface protonation will decrease if ! for the counter-
ions nearest the surface is enhanced with their decreasing
surface concentration. Also, if the mobility of adsorbed
surface protons is finite, their transport will compensate
the decreased transport potassium counterions. Such de-
scriptions of double layer transport treated in dynamic
Stern layer theories [10] are ignored here, as are such
complicating effects as finite ion size [8,19] and ion
correlations [19]. Our model nonetheless succeeds in
capturing the essential features of ion transport in nano-
channels with a single parameter, ", that is comparable to
values measured independently by charge titration. The
data and model also suggest observable effects in chan-
nels as large as 100 !m at n! 10 !M, emphasizing the
general relevance of surface-charge effects to relatively
large-scale channels, far from the double layer overlap
regime.

In order to test the influence of " on ionic transport in
nanochannels, we directly altered " by chemical surface
modification with octodecyltrichlorosilane (OTS), which
self-assembles on silica to form a covalently bound mono-
layer that reduces j"j because of the neutral CH3 head
group. Nanochannels were filled with toluene containing
mM concentrations of OTS, and then flushed with toluene
after 1 h. The channels were rinsed in acetone, then
isopropanol, and were then blown dry under nitrogen
before curing at 120 "C for 2 h. Under this treatment,
OTS molecules react with the negatively charged silanol
surface groups (SiO#) and each other, resulting in a
covalently bound OTS layer that is charge neutral [20].
This OTS treatment rendered channels too hydrophobic to
fill with purely aqueous solution; therefore, ion transport
in these channels was tested using aqueous salt solution
mixed with 50% isopropanol by volume. We expect the

extent of OTS surface coverage, and hence the degree of
surface-charge neutralization, to correlate with the OTS
concentration used in the treatment.

The effect of OTS surface modification on the conduc-
tance properties of 87 nm high fused silica channels is
shown in Fig. 3, where the conductance of an untreated
channel is compared to channels treated with 1 mM OTS
and 3 mM OTS as a function of n. At high n, we observed
nearly identical conductance values that scaled with n as
we would expect in the bulk. At low n, the conductances
of the channels saturated at values that clearly depended
on the surface treatment: The untreated channel saturated
at the highest conductance, followed by the channel
treated with 1 mM OTS, and then the channel treated
with 3 mM OTS.

The data were compared to the ion transport model by
first fixing the unknown values of !, #, and $ for the
water-isopropanol mixture so as to fit the high-n behavior.
This three-parameter fit is not unique and therefore ex-
cludes numerical predictions of ". However, since the
conductance is linear in " at low n, it is possible to
compare the relative magnitudes of " between the three
channels. Assigning the value "0 to the untreated silica
channel, we find that " was reduced to 0:35"0 by the
1 mM OTS treatment and to 0:18"0 by the 3 mM OTS
treatment —a factor of 5 reduction relative to the un-
treated silica channel.

The role of " was also tested by varying pH. The
negative surface-charge density of fused silica is deter-
mined by the density of SiO# surface groups, and de-
pends on the pH of the solution [17]. As the H$

concentration is increased (pH is lowered) for a given n,
SiO# groups become protonated to become neutral SiOH,
reducing j"j. As a control, we have also investigated a
nanochannel coated with the polymer poly-L-lysine
(PLL), whose surface-charge density exhibits the

FIG. 3. Effect of surface-charge density on ion transport in
87 nm high fused silica channels. The conductance was mea-
sured in a 50%=50% mixture of isopropanol and diluted 1 M
KCl, 10 mM TRIS, pH % 8:0 aqueous solution in fused silica
channels treated with the indicated concentration of OTS.

FIG. 2. Channel height dependence of ionic conductance
behavior. The conductance of fluidic channels is plotted against
n for h % 1015, 590, 380, 180, and 70 nm. The curves represent
fits of the data to the electrokinetic model. The inset displays
the fit values of " as a function of h.
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Single Pore Model of UTCLs


Active Regions: water-filled nanopores 
with heterogeneous Pt/support surfaces
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nanopore with charged, smooth Pt walls
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Neglected in [1]. 
Parametrizes  
metal|solution  
interfacial structure 



  To relate electrode potential ϕM  and σ, apply Stern Model: 




Pore Wall Surface Charge Density 

  Boundary condition for potential at pore wall:


[1] Bazant et al, JEC, 500(2001) 52–61;  PRE  83, 061507 (2011)
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Charging of Oxide-covered Pt 

 Specific adsorption can alter the ϕpzc [1] 

 Consider range of Pt ϕpzc: 0.3-1.0VSHE [3-5]




[1] Schmickler, Interfacial Electrochemistry 2nd ed, 2010. [2] Kolotyrkina, Petrii, Kazarinov, Elektrokhimiya 10, 1352 (1974) )  

[3] Climent et. al. Russ. J. Elec. 42, 1145 (2006).  [4] Hamm et al., JEC, 414, 85 (1996).  [5] Pajkossy et. al., EA,  46, 3063 (2001).   
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Fig. 5. Dependence of sodium (1) and sulphate (2) ions adsorption on potential in 2-10e3 M Na,SO, . 
at pH = 6 (according to the data of [69]). 

platinum causes the pzfi to shift in the negative direc- 

tion by 60 mv. The potentials (Pi,. =. shift in the nega- 

tive direction in the presence of specifically adsorbed 

anions and in the positive direction in the presence of 

specifically adsorbed cations. The potentials wr,,+ =,] 

are less positive than qn =“. The most significant differ- 

ence between qPr . _D &d ‘p Z0 is observed on palla- 
dium. For Ru in &idified KC solution onlv the vr . 3 n .,, -., 
value, corresponding to the oxidized state of the sur- 

face could be determined. For iridium in, alkalized KI 

solution, two pzfi: were detected corresponding to the 
reduced and oxidized states of the surface. 

The appearance of a p,~fc in the oxygen region under 

certain conditions can be expected for the platinum 

electrode as well, if we proceed from the dependences 

of the free charge of the surface on the potential in acid 

and alkaline solutions. Indeed, in acid solutions with 

rising cp,, rH* at first increases and then begins to de- 

crease [65, 28, 221. In an alkaline solution of surface- 

inactive electrolytes over the whole range of q7,, J-Ha is 

negative [65, 281. Evidently, at a certain intermediate 

pH values we must have a 1’” +, qr curve intersecting the 

abscissa axis twice. The existence of a pzj? for oxidized 

platinum was established by the measurements carried 

out in [65, 661. In [66] the pzfc of oxidized platinum 

was determined by electrokinetic measurements in 5 x 

1O-6 M H,SO,. In order to elucidate the conditions 

of the appearance of a pzfi for oxidized platinum, in 

[69] the dcpendences of the adsorption of sodium- 

cesium and sulphate ions on potential at pH close to 

pH = 7 were measured by means of the radioactive 

tracer technique. As is clear from Fig. S, at the Pt/Pt 

electrode in 2 x 10-j M Na,SO, solution with pH = 

6, two pzfc can be observed, lying at 0.13 k O-02 and 

0.47 V (nhe) respectively. A similar phenomenon is 

encountered in 2 x lop3 M C&SO4 solution. These 

results have been confirmed recently by the potentio- 

metric titration method at constant total charge Q. 

The existence of two pzfc for platinum metals seems 

to be a general phenomenon. It is necessary, however, 

in each particular case to establish the conditions un- 

der which both r~zfc can be observed. At the same time, 

the pztc has only one value, which is due to the fact 

that when determining the pztc only the systems with 

&J‘ = constant are considered. For systems with 

pH = constant, the pzfc also has only one value. The 
possibility of plotting the curves of rH+ US electrode 

potential at pH = constant will be discussed below. 

A fundamental characteristic of platinum metals is 

the dependence of the pzfc on solution pH, which was 

for the first time established in [6S]. Later this problem 

attracted interest in connection with the works of 

Kheifets and Krasikov[70]. A complete solution of 

this problem can be achieved on the basis ol the ther- 

modynamic theory of platinum electrode [ 15, 221. 

Without taking account of Lorcnz’s charge transfer 

during adsorption, we can write 

It follows from equation (14) that at (&/aA,,),, Lt*.= 0 

the pzfi shifts with increasing pH in the negative dlrec- 

tion just as the potential of the reversible hydrogen 

electrode. If I > (&/dA,),c.,, > 0, then the pzfc also 

shifts with increasing pH in the negative direction, the 

dependence of the pzfc on pH being even greater than 

for the potential of the reversible hydrogen electrode. 

Such phenomenon was observed, for instance, for the 

p?fc of oxidized iridium in alkaline iodide solutions 

[Zl]. where the shift of the pzfi per unit pH is - - 110 

mv. At (~/~AH)~,.,~~ > 1, the pzfi should shift with in- 

creasing pH in the positive direction, the magnitude of 

the shift decreasing with increase of (&//aA,),,,,,_. So 

far. no positive shifts of the pzfc have been observed 

experimentally. Finally, at (&/dA,,),,.,* < 0, the pzfc 

shifts with increase of pH in the negative direction, this 

shift being less than that of the reversible hydrogen 
electrode potential and at (&/3A&+, 4 - x it lends 

to zero. 

The experimental investigation of the dependence of 

the pzfc on pH revealed that, for a pzfi lying in the hy- 

drogen region, (@/a~~ +), _ (,,,,, * < 1. The magnitude of 

the shift of the pzfc depends on the nature of the anion 

and increases with increase of its specific adsorbability. 
It follows from the experimental values of (a~,/ 

~FLH +k,, +_ that the derivative (&/aA,),,,,, for plati- 
num and rhodium usuallv lies within -04 - -2.5. 
Practical absence of the dependence of the p?fi on pH 

at low Na,S04 concentrations [71] is in qualitative 

agreement with this conclusion because in diluted 

solutions the specific adsorption of sulphate anion 

should be less pronounced than in 0.5 M Na2S04 used 
in 1151. 

ϕpzc (bare Pt) ϕpzc (oxidized Pt) 

Na+ 

SO4 2- 

Adsorption of Na+ and SO4
2- in 2x10-3 M 

acidified Na2SO4 at pH 6 [2] 
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The Impact of ϕM – ϕpzc 

Effectiveness Factor of Pt 
Utilization:


Separable into electrostatic and O2 contributions, due to small proton flux


Chan and Eikerling, JES, 158(1), B18 (2011). 
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Γ =
R L

0 j(z)dz
− jo exp(−αFηc

RgT ) · L
≈ ΓelecΓO2
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Oxygen Diffusion Limitations 

9 

Effectiveness Factor of Pt 
Utilization:


Separable into electrostatic and O2 contributions, due to small proton flux


Γ =
R L

0 j(z)dz
− jo exp(−αFηc

RgT ) · L
≈ ΓelecΓO2

Diffusion of oxygen through water-flooded pores

Chan and Eikerling, JES, 158(1), B18 (2011). 
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Fig. 8: Pt-NPGL polarization curves at loadings 20, 25, 51 µg/cm2; circles indicate experimental values from [9] and
lines model curves. Parameters used to calculate model curves are listed in Table 2.

47

40 ug/cm2


Pt-plated Nanoporous Gold Leaf [1]


L=100nm


Trends reproducible from shifts in ϕpzc; cannot separate electrostatic and 
kinetic contributions  Impedance model
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Impedance Model: Analytical Solutions 

1. High aspect ratios R << L 
2. Steady state proton and potential distributions are z-

independent   
 
  1D, coupled ODE system in H+ and O2 concentrations 
 Analytical solutions & circuits in 4 limiting cases 
 Verify with full numerical solutions 

Chan and Eikerling, JES, 159(2), B155, 2012


Impedance Model: Limiting Cases 

(1) Blocking electrode 

limit


Chan and Eikerling, JES, 159(2), B155, 2012


Journal of The Electrochemical Society, 159 (2) B155-B164 (2012) B159

H+

e-

Ri
sol

Ci
dl

(a) Blocking electrode case

Rct

H+

e-

Cdl

(b) Fast transport case

Ri
sol

Ci
dlRi

ct

H+

e-

(c) Fast O2 diffusion case

H+

e-

CdlRct,O
2

Zct,O
2

(d) Fast H+ transport case

Figure 2. Equivalent circuit interpretations of the impedance response of a UTCL in 4 limiting cases: (a) Blocking electrode case, (b) Fast transport case, (c) Fast
O2 diffusion case, (d) Fast H+ transport case.

where the solution resistance (! · cm2) has the form

Rsol =
1
n

· RgT L

DH+ F2
∫ R

0 cH+ (r )2πrdr
= L

8X pεDH+
·

(
1 − "cc

H+ R2
)

"cc
H+

,

[43]

and the double layer capacitance is (F cm−2)

Cdl = h · ∂σ

∂φ
M = εh

R
· 4"cc

H+ R2

1 −
(
"cc

H+ R2
)2

+ 4ε"cc
H+ R/CH

. [44]

Corresponding transmission line elements, Ri
sol and Ci

dl , are given by
Rsol · $z and Cdl · $z, respectively, where $z represents a single
element of the transmission line.

The essential distinguishing feature of the water-flooded pore re-
sponse is the dramatic dependence of Rsol and Cdl on σ, which is
tuned by φ

M − φpzc. Figure 3 shows the impedances corresponding to
φ

M − φpzc = −0.4, 0, and +0.4 V, R = 5 nm, L=100 nm, and n = 1
× 1011cm−2. Figure 4a shows Rsol and Cdl as a function of φ

M − φpzc,
for the same pore geometry.

On a logarithmic scale, both Rsol and Cdl show a transition in
slope near φpzc. Differentiating the logarithm of Eqs. 43 and 44 with
respect to φ

M
shows the slopes at φ

M ! φpzc to be F/2.3Rg T and

−F/2.3Rg T respectively, and that both level off to zero as φ
M

de-

creases from φpzc. At high proton concentrations (φ
M − φpzc < 0 and

"cc
H+ R2 → 1), Cdl → CH · h, i.e. the Helmholtz capacitance domi-

nates the capacitive response.
The low and high frequency limits of the impedance (Eq. 42), well

known from de Levie’s model, are

lim
ω→0

ZC L = 1
iωCdl

+ Rsol

3
, lim

ω→∞
ZC L =

√
Rsol

ωCdl
· 1 − i√

2
, [45]

i.e. at low ω the real component of the impedance approaches Rsol/3,
and at high ω there is a 45o incline from the Re(Z) axis on a Nyquist
plot. These features are evident in Figure 3. Rsol can thus simply be
read off the low frequency impedance, and Cdl can be obtained by a fit
to the high frequency region. The larger the Rsol, the smaller the onset
frequency for the high frequency behaviour. Hence, the appearance

of the 45o incline at lower frequencies is indicative of more severe
proton transport limitations.

Rsol can be used to determine σ,%elec, and cH+ |r=R , the proton con-
centration at the metal|solution interface. Electroneutrality requires
that σ balance the charge of the protons in the water-flooded pores;
rearranging Eq. 43,

σ = Rg T L2

h DH+ F Rsol
. [46]

With knowledge of pore dimensions and porosity, %elec be determined
from Rsol; rearranging Eq. 75,

%elec =
[

R2
sol K

2co
H+"

L(Rsol K + R2 L)

]α−γ

, K = 8X pεDH+ , [47]
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Figure 3. High frequency blocking electrode impedances at various φ
M −

φpzc , calculated from numerical solution of the 2D general system of equations
(dots) and 1D analytical approximations (lines). Assumed n = 1 × 1011 cm−2,
R = 5 nm, L=100 nm. To highlight the high frequency regions, frequency
ranges were varied. (a) φ

M − φpzc = −0.4V, f = 106.5 − 108Hz, (b) φ
M −

φpzc = 0V, f = 106 − 108Hz, (c) φ
M − φpzc = +0.4V, f = 105.5 − 108Hz.
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Figure 6. Numerically calculated (dots) and analytically approximated (lines)
impedance in the fast transport case (line). φpzc = 1.1 V, R = 5 nm,
L = 100 nm, n = 1 × 1011 cm−2.

Nyquist plot. Cdl can be determined from the characteristic frequency
at the apex of the semicircle, ωc = 1/Rct Cdl .

Figure 4b shows the variation of Rct with ηc and φpzc for a UTCL
with R=5 nm, L=100 nm, and n = 1 × 1011cm−2. Rct depends on φpzc

as well as ηc, since j elec depends on both of these factors.
The slope of log Rct vs. ηc arises from the dependence of Rct on

j elec (Eq. 29). From Ref. 7, !elec has a linear dependence on φ
M

at
φ

M − φpzc ! 0.1V, and takes the form exp(k[α − γ][φ
M − φpzc]), at

φ
M − φpzc " 0.1V, with α − γ = −1/2. Hence, the slope of log Rct

vs. dimensional ηc is expected to be Fα/2.3Rg T in the former case,
and F(α +1/2)/2.3Rg T in the latter one. This is consistent with the
lower slope shown for φpzc = 1.1V than those for φpzc = 0.3 or
0.7V shown in Fig. 4c. The shift in slopes at ηc ≈ −0.37V for all
three curves arises from the shift in α corresponding to the transition
between Temkin to Langmuirian kinetics for oxygen reduction.7, 21

Case 3: Fast oxygen diffusion.— The fast O2 diffusion case applies
at low cH+ (low φpzc ! 0.7V) and high |ηc| " 0.4V. With low cH+ ,
the expected current density would also be low and O2 transport is
not expected to be limiting. Assuming cO2 = co

O2
, δcO2 = 0, Eq. 30

simplifies to




iω

(
1 − "cc

H+ R2
)2 − 2 j elecc2

F R
−DH+ · 1 + c1cc

H+

1 − "cc
H+ R2

· ∂zz



 δcc
H+ = 0

[52]
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Figure 7. Numerically calculated (dots) and analytically approximated
impedances in the fast O2 diffusion case (lines) at n = 1 × 1011 cm−2, R
= 5 nm, φpzc = 0.3V, ηc = −0.6V, and L = 100, 300, and 1000 nm.
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Figure 8. Numerically calculated steady state proton concentration profile at
r = R, for parameters R = 5 nm, L = 1 µm, φpzc = 0.3 V, ηc = −0.6 V.
cH+ |r=R shows significant variation along z, which led to the deviation of the
numerically calculated impedance from the analytically approximated one.

The corresponding impedance response is

ZC L (ω) =
√

Rsol Zint coth

√
Rsol

Zint
, Zint =

[
1

Rct
+ iωCdl

]−1

[53]

where Rsol, Cdl and Rct are given by Eqs. 43, 44, and 51, respectively.
This response corresponds to the transmission line equivalent circuit
illustrated in Figure 2c.24 The element Ri

ct is given by Rct/$z.
At large frequencies, charging dominates the impedance response,

and ZCL(ω → ∞) is identical to that of the blocking electrode (2nd part
of Eq. 45), i.e. a 45o incline in the high frequency region of the Nyquist
plot is observed as the hallmark of proton transport limitations.25

Where there are severe proton transport limitations, Rsol & Rct, the
low frequency impedance is

lim
ω→0

ZC L ≈
√

Rsol Rct ; [54]

in this case, Rct can be estimated from the zero-frequency impedance,
when Rsol is known, In the case Rsol ' Rct, we recover the same
zero-frequency limit as in the fast transport case,

lim
ω→0

ZC L ≈ Rct . [55]

Figure 7 shows the fast O2 transport impedances at R = 5 nm, φpzc

= 0.3V, ηc = −0.6V, and various L. As expected, the characteristic
straight line inclined at 45o to the real axis is more prominent for
the longer pore lengths. In the case of L = 1 µm, the low frequency
deviations of the numerically calculated impedance (shown in dots)
from the analytical solution (shown as a line) is due to the depletion
of protons at steady state; the corresponding cH+ distribution at r
= R is shown in Fig. 8. The depletion of cH+ leads to the increase
in values of Ri

sol and Ri
ct along z, not accounted for in the analytical

approximation. However, the general trends in the impedance are well
reproduced by the analytical approach, and circuit elements that are
determined by fitting Eq. 53 to experimental impedance data would
remain reasonable estimates.

Case 4: Fast proton transport.— The fast H+ transport case applies
at high cH+ (φpzc " 0.7V) and high |ηc| " 0.4V. Consideration of
oxygen diffusion limitations requires the steady oxygen distribution
cO2 , obtained from the solution of the steady state part of Eq. 65,

cO2 = co
O2

·
cosh

(√
ωk/ωd · z/L

)

cosh
√

ωk/ωd
, ωk = − j elec

2Fco
O2

R
, ωd = DO2

L2
,

[56]

where we have introduced characteristic kinetic and diffusive frequen-
cies, ωk and ωd, respectively. The effectiveness of oxygen diffusion is

!O2 = 1
Lco

O2

∫ L

0
cO2 dz = tanh

√
ωk/ωd√

ωk/ωd
. [57]
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Nyquist plot. Cdl can be determined from the characteristic frequency
at the apex of the semicircle, ωc = 1/Rct Cdl .

Figure 4b shows the variation of Rct with ηc and φpzc for a UTCL
with R=5 nm, L=100 nm, and n = 1 × 1011cm−2. Rct depends on φpzc

as well as ηc, since j elec depends on both of these factors.
The slope of log Rct vs. ηc arises from the dependence of Rct on

j elec (Eq. 29). From Ref. 7, !elec has a linear dependence on φ
M

at
φ

M − φpzc ! 0.1V, and takes the form exp(k[α − γ][φ
M − φpzc]), at

φ
M − φpzc " 0.1V, with α − γ = −1/2. Hence, the slope of log Rct

vs. dimensional ηc is expected to be Fα/2.3Rg T in the former case,
and F(α +1/2)/2.3Rg T in the latter one. This is consistent with the
lower slope shown for φpzc = 1.1V than those for φpzc = 0.3 or
0.7V shown in Fig. 4c. The shift in slopes at ηc ≈ −0.37V for all
three curves arises from the shift in α corresponding to the transition
between Temkin to Langmuirian kinetics for oxygen reduction.7, 21

Case 3: Fast oxygen diffusion.— The fast O2 diffusion case applies
at low cH+ (low φpzc ! 0.7V) and high |ηc| " 0.4V. With low cH+ ,
the expected current density would also be low and O2 transport is
not expected to be limiting. Assuming cO2 = co

O2
, δcO2 = 0, Eq. 30

simplifies to




iω

(
1 − "cc

H+ R2
)2 − 2 j elecc2

F R
−DH+ · 1 + c1cc

H+

1 − "cc
H+ R2

· ∂zz



 δcc
H+ = 0

[52]
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Figure 7. Numerically calculated (dots) and analytically approximated
impedances in the fast O2 diffusion case (lines) at n = 1 × 1011 cm−2, R
= 5 nm, φpzc = 0.3V, ηc = −0.6V, and L = 100, 300, and 1000 nm.
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Figure 8. Numerically calculated steady state proton concentration profile at
r = R, for parameters R = 5 nm, L = 1 µm, φpzc = 0.3 V, ηc = −0.6 V.
cH+ |r=R shows significant variation along z, which led to the deviation of the
numerically calculated impedance from the analytically approximated one.

The corresponding impedance response is

ZC L (ω) =
√

Rsol Zint coth

√
Rsol

Zint
, Zint =

[
1

Rct
+ iωCdl

]−1

[53]

where Rsol, Cdl and Rct are given by Eqs. 43, 44, and 51, respectively.
This response corresponds to the transmission line equivalent circuit
illustrated in Figure 2c.24 The element Ri

ct is given by Rct/$z.
At large frequencies, charging dominates the impedance response,

and ZCL(ω → ∞) is identical to that of the blocking electrode (2nd part
of Eq. 45), i.e. a 45o incline in the high frequency region of the Nyquist
plot is observed as the hallmark of proton transport limitations.25

Where there are severe proton transport limitations, Rsol & Rct, the
low frequency impedance is

lim
ω→0

ZC L ≈
√

Rsol Rct ; [54]

in this case, Rct can be estimated from the zero-frequency impedance,
when Rsol is known, In the case Rsol ' Rct, we recover the same
zero-frequency limit as in the fast transport case,

lim
ω→0

ZC L ≈ Rct . [55]

Figure 7 shows the fast O2 transport impedances at R = 5 nm, φpzc

= 0.3V, ηc = −0.6V, and various L. As expected, the characteristic
straight line inclined at 45o to the real axis is more prominent for
the longer pore lengths. In the case of L = 1 µm, the low frequency
deviations of the numerically calculated impedance (shown in dots)
from the analytical solution (shown as a line) is due to the depletion
of protons at steady state; the corresponding cH+ distribution at r
= R is shown in Fig. 8. The depletion of cH+ leads to the increase
in values of Ri

sol and Ri
ct along z, not accounted for in the analytical

approximation. However, the general trends in the impedance are well
reproduced by the analytical approach, and circuit elements that are
determined by fitting Eq. 53 to experimental impedance data would
remain reasonable estimates.

Case 4: Fast proton transport.— The fast H+ transport case applies
at high cH+ (φpzc " 0.7V) and high |ηc| " 0.4V. Consideration of
oxygen diffusion limitations requires the steady oxygen distribution
cO2 , obtained from the solution of the steady state part of Eq. 65,

cO2 = co
O2

·
cosh

(√
ωk/ωd · z/L

)

cosh
√

ωk/ωd
, ωk = − j elec

2Fco
O2

R
, ωd = DO2

L2
,

[56]

where we have introduced characteristic kinetic and diffusive frequen-
cies, ωk and ωd, respectively. The effectiveness of oxygen diffusion is

!O2 = 1
Lco

O2

∫ L

0
cO2 dz = tanh

√
ωk/ωd√

ωk/ωd
. [57]
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Assuming protons respond instantaneously to the applied δφM,
δcH+ = −c3δφ

M , Eq. 31 reduces to

[iω − ωk − DO2∂zz]δcO2 = −ωkc2c3cO2 (z) · δφM , [58]

which has the solution

δcO2 =c2c3 ·
ωk

iω
·
(

co
O2

· cosh
√

(ωk + iω) /ωd · z/L
cosh

√
(ωk + iω) /ωd

− cO2 (z)
)

δφM .

[59]

The corresponding impedance response is

ZC L =
[

1
Zct,O2

+ 1
Rct,O2

+ iωCdl

]−1

, [60]

and has the equivalent circuit shown in Figure 2d. Zct,O2 and Rct,O2

are diffusive and resistive components, and are together similar
in form to the impedance expression derived in Ref. 26 for an
electrolyte-filled pore with reactant concentration gradient. These
components take the form

Zct,O2 = Rct · iω/ωk

tanh
√

(ωk+iω)/ωd√
(ωk+iω)/ωd

− "O2

, Rct,O2 = Rct

"O2

. [61]

Where oxygen diffusion limitations are prominent, ωk # ωd, the low
frequency impedance is

lim
ω→0,ωk#ωd

ZC L = Rct · 2
√

ωk/ωd . [62]

Where oxygen diffusion is not limiting, "O2 → 1 and ωk % ωd,
and we recover the same low frequency impedance as for the fast
transport case,

lim
ω→0,ωk%ωd

ZC L = Rct . [63]

Figure 9 shows the numerically calculated impedances (dots) for
φpzc = 1.1V, ηc = −0.4 and −0.6V, R = 5nm, and L = 100 nm and
1 µm, as well as the analytical approximations from the fast H+

transport (solid lines) and fast transport (dashed lines) cases. The
more severe the steady state oxygen diffusion limitations, the larger
the Nyquist semicircle is relative to that from the fast transport
approximation.

Figure 10 shows log ZCL(ω → 0) vs. dimensional ηc in solid lines,
for φpzc = 0.7 and 1.1 V; dotted lines show the corresponding fast
transport zero frequency limit. With the onset of oxygen transport
limitations, the slope of log ZCL(ω → 0) vs. ηc shows a marked de-
crease from that of the fast transport case; this arises from the factor
√

ωk/ωd ∝
√

j elec in Eq. 62. Since Rct ∝ 1/ j elec (Eq. 51), overall,

ZC L (ω → 0) ∝ 1/

√
j elec; thus, oxygen diffusion limitations leads to

a halving of the slope of log ZCL(ω → 0) vs. ηc relative to the fast
transport case. This result is analogous to the doubling of the Tafel
slope in porous gas diffusion electrodes at the onset of mass transport
limitations.

Impedance model: Characterization capabilities.— The devel-
oped impedance model allows for the analysis of electrostatic, kinetic,
and transport contributions to UTCL performance and the characteri-
zation of interfacial charging parameters. Since all equivalent circuit
elements in water-flooded pores are expected to depend strongly on
surface charge and hence the working point φ

M
, a thorough analysis

requires the determination of equivalent circuit elements at a range of
φ

M
. Currently, some impedance data for UTCLs have been reported in

literature,5, 27, 28 but not at a systematic set of φ
M

required to fully eval-
uate the current model and to provide insights for model refinement.
In collaboration with experimentalists, we have initiated systematic
EIS studies on model UTCLs.

Blocking (O2−free) electrodes allow for the determination of
Rsol and Cdl without the presence of charge transfer, either through
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Figure 9. Numerically calculated impedance spectra (dots) and analytical
approximations at the fast H+ transport (solid lines) and fast transport (dashed
lines) cases at φpzc = 1.1 V, R = 5 nm, L = 100 nm and 1 µm, and n = 1 ×
1011 cm−2. (a) ηc = −0.4 V, (b) ηc = −0.6 V.

the transmission line impedance expression or its high and low fre-
quency limits. This technique has recently been applied to probe the
proton conductivity of conventional catalyst layers29, 30 and Pt-black
electrodes.28 All tests were done at a DC voltage of +0.2V in the

−0.5 −0.4 −0.3 −0.2 −0.1 0

10
1

10
3

10
5

10
7

10
9

η
c
 [V]

Z
(ω

→
 0

) 
[Ω

 c
m

2 ]

φ
pzc

 = 0.7V

φ
pzc

 = 1.1V

Figure 10. Solid lines: impedance at the zero frequency limit as calculated
from the fast H+ transport limit, at φpzc = 0.7, 1.1 V and ηc , and for pore
dimensions R = 5 nm, L = 1 µm, and n = 1 × 1011 cm−2. Dotted lines: the
corresponding Rct from the fast transport limit, for comparison.
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where the solution resistance (! · cm2) has the form

Rsol =
1
n

· RgT L

DH+ F2
∫ R

0 cH+ (r )2πrdr
= L

8X pεDH+
·

(
1 − "cc

H+ R2
)

"cc
H+

,

[43]

and the double layer capacitance is (F cm−2)

Cdl = h · ∂σ

∂φ
M = εh

R
· 4"cc

H+ R2

1 −
(
"cc

H+ R2
)2

+ 4ε"cc
H+ R/CH

. [44]

Corresponding transmission line elements, Ri
sol and Ci

dl , are given by
Rsol · $z and Cdl · $z, respectively, where $z represents a single
element of the transmission line.

The essential distinguishing feature of the water-flooded pore re-
sponse is the dramatic dependence of Rsol and Cdl on σ, which is
tuned by φ

M − φpzc. Figure 3 shows the impedances corresponding to
φ

M − φpzc = −0.4, 0, and +0.4 V, R = 5 nm, L=100 nm, and n = 1
× 1011cm−2. Figure 4a shows Rsol and Cdl as a function of φ

M − φpzc,
for the same pore geometry.

On a logarithmic scale, both Rsol and Cdl show a transition in
slope near φpzc. Differentiating the logarithm of Eqs. 43 and 44 with
respect to φ

M
shows the slopes at φ

M ! φpzc to be F/2.3Rg T and

−F/2.3Rg T respectively, and that both level off to zero as φ
M

de-

creases from φpzc. At high proton concentrations (φ
M − φpzc < 0 and

"cc
H+ R2 → 1), Cdl → CH · h, i.e. the Helmholtz capacitance domi-

nates the capacitive response.
The low and high frequency limits of the impedance (Eq. 42), well

known from de Levie’s model, are

lim
ω→0

ZC L = 1
iωCdl

+ Rsol

3
, lim

ω→∞
ZC L =

√
Rsol

ωCdl
· 1 − i√

2
, [45]

i.e. at low ω the real component of the impedance approaches Rsol/3,
and at high ω there is a 45o incline from the Re(Z) axis on a Nyquist
plot. These features are evident in Figure 3. Rsol can thus simply be
read off the low frequency impedance, and Cdl can be obtained by a fit
to the high frequency region. The larger the Rsol, the smaller the onset
frequency for the high frequency behaviour. Hence, the appearance

of the 45o incline at lower frequencies is indicative of more severe
proton transport limitations.

Rsol can be used to determine σ,%elec, and cH+ |r=R , the proton con-
centration at the metal|solution interface. Electroneutrality requires
that σ balance the charge of the protons in the water-flooded pores;
rearranging Eq. 43,

σ = Rg T L2

h DH+ F Rsol
. [46]

With knowledge of pore dimensions and porosity, %elec be determined
from Rsol; rearranging Eq. 75,

%elec =
[

R2
sol K

2co
H+"

L(Rsol K + R2 L)

]α−γ

, K = 8X pεDH+ , [47]
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Figure 3. High frequency blocking electrode impedances at various φ
M −

φpzc , calculated from numerical solution of the 2D general system of equations
(dots) and 1D analytical approximations (lines). Assumed n = 1 × 1011 cm−2,
R = 5 nm, L=100 nm. To highlight the high frequency regions, frequency
ranges were varied. (a) φ

M − φpzc = −0.4V, f = 106.5 − 108Hz, (b) φ
M −

φpzc = 0V, f = 106 − 108Hz, (c) φ
M − φpzc = +0.4V, f = 105.5 − 108Hz.
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where the solution resistance (! · cm2) has the form

Rsol =
1
n

· RgT L

DH+ F2
∫ R

0 cH+ (r )2πrdr
= L

8X pεDH+
·

(
1 − "cc
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and the double layer capacitance is (F cm−2)

Cdl = h · ∂σ

∂φ
M = εh

R
· 4"cc

H+ R2

1 −
(
"cc

H+ R2
)2

+ 4ε"cc
H+ R/CH

. [44]

Corresponding transmission line elements, Ri
sol and Ci

dl , are given by
Rsol · $z and Cdl · $z, respectively, where $z represents a single
element of the transmission line.

The essential distinguishing feature of the water-flooded pore re-
sponse is the dramatic dependence of Rsol and Cdl on σ, which is
tuned by φ

M − φpzc. Figure 3 shows the impedances corresponding to
φ

M − φpzc = −0.4, 0, and +0.4 V, R = 5 nm, L=100 nm, and n = 1
× 1011cm−2. Figure 4a shows Rsol and Cdl as a function of φ

M − φpzc,
for the same pore geometry.

On a logarithmic scale, both Rsol and Cdl show a transition in
slope near φpzc. Differentiating the logarithm of Eqs. 43 and 44 with
respect to φ

M
shows the slopes at φ

M ! φpzc to be F/2.3Rg T and

−F/2.3Rg T respectively, and that both level off to zero as φ
M

de-

creases from φpzc. At high proton concentrations (φ
M − φpzc < 0 and

"cc
H+ R2 → 1), Cdl → CH · h, i.e. the Helmholtz capacitance domi-

nates the capacitive response.
The low and high frequency limits of the impedance (Eq. 42), well

known from de Levie’s model, are

lim
ω→0

ZC L = 1
iωCdl

+ Rsol

3
, lim

ω→∞
ZC L =

√
Rsol

ωCdl
· 1 − i√

2
, [45]

i.e. at low ω the real component of the impedance approaches Rsol/3,
and at high ω there is a 45o incline from the Re(Z) axis on a Nyquist
plot. These features are evident in Figure 3. Rsol can thus simply be
read off the low frequency impedance, and Cdl can be obtained by a fit
to the high frequency region. The larger the Rsol, the smaller the onset
frequency for the high frequency behaviour. Hence, the appearance

of the 45o incline at lower frequencies is indicative of more severe
proton transport limitations.

Rsol can be used to determine σ,%elec, and cH+ |r=R , the proton con-
centration at the metal|solution interface. Electroneutrality requires
that σ balance the charge of the protons in the water-flooded pores;
rearranging Eq. 43,

σ = Rg T L2

h DH+ F Rsol
. [46]

With knowledge of pore dimensions and porosity, %elec be determined
from Rsol; rearranging Eq. 75,

%elec =
[

R2
sol K

2co
H+"

L(Rsol K + R2 L)

]α−γ

, K = 8X pεDH+ , [47]
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Figure 3. High frequency blocking electrode impedances at various φ
M −

φpzc , calculated from numerical solution of the 2D general system of equations
(dots) and 1D analytical approximations (lines). Assumed n = 1 × 1011 cm−2,
R = 5 nm, L=100 nm. To highlight the high frequency regions, frequency
ranges were varied. (a) φ

M − φpzc = −0.4V, f = 106.5 − 108Hz, (b) φ
M −

φpzc = 0V, f = 106 − 108Hz, (c) φ
M − φpzc = +0.4V, f = 105.5 − 108Hz.
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where the solution resistance (! · cm2) has the form

Rsol =
1
n

· RgT L

DH+ F2
∫ R

0 cH+ (r )2πrdr
= L

8X pεDH+
·

(
1 − "cc

H+ R2
)
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[43]

and the double layer capacitance is (F cm−2)

Cdl = h · ∂σ

∂φ
M = εh

R
· 4"cc

H+ R2

1 −
(
"cc

H+ R2
)2

+ 4ε"cc
H+ R/CH

. [44]

Corresponding transmission line elements, Ri
sol and Ci

dl , are given by
Rsol · $z and Cdl · $z, respectively, where $z represents a single
element of the transmission line.

The essential distinguishing feature of the water-flooded pore re-
sponse is the dramatic dependence of Rsol and Cdl on σ, which is
tuned by φ

M − φpzc. Figure 3 shows the impedances corresponding to
φ

M − φpzc = −0.4, 0, and +0.4 V, R = 5 nm, L=100 nm, and n = 1
× 1011cm−2. Figure 4a shows Rsol and Cdl as a function of φ

M − φpzc,
for the same pore geometry.

On a logarithmic scale, both Rsol and Cdl show a transition in
slope near φpzc. Differentiating the logarithm of Eqs. 43 and 44 with
respect to φ

M
shows the slopes at φ

M ! φpzc to be F/2.3Rg T and

−F/2.3Rg T respectively, and that both level off to zero as φ
M

de-

creases from φpzc. At high proton concentrations (φ
M − φpzc < 0 and

"cc
H+ R2 → 1), Cdl → CH · h, i.e. the Helmholtz capacitance domi-

nates the capacitive response.
The low and high frequency limits of the impedance (Eq. 42), well

known from de Levie’s model, are

lim
ω→0

ZC L = 1
iωCdl

+ Rsol

3
, lim

ω→∞
ZC L =

√
Rsol

ωCdl
· 1 − i√

2
, [45]

i.e. at low ω the real component of the impedance approaches Rsol/3,
and at high ω there is a 45o incline from the Re(Z) axis on a Nyquist
plot. These features are evident in Figure 3. Rsol can thus simply be
read off the low frequency impedance, and Cdl can be obtained by a fit
to the high frequency region. The larger the Rsol, the smaller the onset
frequency for the high frequency behaviour. Hence, the appearance

of the 45o incline at lower frequencies is indicative of more severe
proton transport limitations.

Rsol can be used to determine σ,%elec, and cH+ |r=R , the proton con-
centration at the metal|solution interface. Electroneutrality requires
that σ balance the charge of the protons in the water-flooded pores;
rearranging Eq. 43,

σ = Rg T L2

h DH+ F Rsol
. [46]

With knowledge of pore dimensions and porosity, %elec be determined
from Rsol; rearranging Eq. 75,

%elec =
[

R2
sol K

2co
H+"

L(Rsol K + R2 L)

]α−γ

, K = 8X pεDH+ , [47]
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Figure 3. High frequency blocking electrode impedances at various φ
M −

φpzc , calculated from numerical solution of the 2D general system of equations
(dots) and 1D analytical approximations (lines). Assumed n = 1 × 1011 cm−2,
R = 5 nm, L=100 nm. To highlight the high frequency regions, frequency
ranges were varied. (a) φ

M − φpzc = −0.4V, f = 106.5 − 108Hz, (b) φ
M −

φpzc = 0V, f = 106 − 108Hz, (c) φ
M − φpzc = +0.4V, f = 105.5 − 108Hz.
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1
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and the double layer capacitance is (F cm−2)

Cdl = h · ∂σ
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M = εh
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1 −
(
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. [44]

Corresponding transmission line elements, Ri
sol and Ci

dl , are given by
Rsol · $z and Cdl · $z, respectively, where $z represents a single
element of the transmission line.

The essential distinguishing feature of the water-flooded pore re-
sponse is the dramatic dependence of Rsol and Cdl on σ, which is
tuned by φ

M − φpzc. Figure 3 shows the impedances corresponding to
φ

M − φpzc = −0.4, 0, and +0.4 V, R = 5 nm, L=100 nm, and n = 1
× 1011cm−2. Figure 4a shows Rsol and Cdl as a function of φ

M − φpzc,
for the same pore geometry.

On a logarithmic scale, both Rsol and Cdl show a transition in
slope near φpzc. Differentiating the logarithm of Eqs. 43 and 44 with
respect to φ

M
shows the slopes at φ

M ! φpzc to be F/2.3Rg T and

−F/2.3Rg T respectively, and that both level off to zero as φ
M

de-

creases from φpzc. At high proton concentrations (φ
M − φpzc < 0 and

"cc
H+ R2 → 1), Cdl → CH · h, i.e. the Helmholtz capacitance domi-

nates the capacitive response.
The low and high frequency limits of the impedance (Eq. 42), well

known from de Levie’s model, are

lim
ω→0

ZC L = 1
iωCdl

+ Rsol

3
, lim

ω→∞
ZC L =

√
Rsol

ωCdl
· 1 − i√

2
, [45]

i.e. at low ω the real component of the impedance approaches Rsol/3,
and at high ω there is a 45o incline from the Re(Z) axis on a Nyquist
plot. These features are evident in Figure 3. Rsol can thus simply be
read off the low frequency impedance, and Cdl can be obtained by a fit
to the high frequency region. The larger the Rsol, the smaller the onset
frequency for the high frequency behaviour. Hence, the appearance

of the 45o incline at lower frequencies is indicative of more severe
proton transport limitations.

Rsol can be used to determine σ,%elec, and cH+ |r=R , the proton con-
centration at the metal|solution interface. Electroneutrality requires
that σ balance the charge of the protons in the water-flooded pores;
rearranging Eq. 43,

σ = Rg T L2

h DH+ F Rsol
. [46]

With knowledge of pore dimensions and porosity, %elec be determined
from Rsol; rearranging Eq. 75,

%elec =
[

R2
sol K

2co
H+"

L(Rsol K + R2 L)

]α−γ

, K = 8X pεDH+ , [47]
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Figure 3. High frequency blocking electrode impedances at various φ
M −

φpzc , calculated from numerical solution of the 2D general system of equations
(dots) and 1D analytical approximations (lines). Assumed n = 1 × 1011 cm−2,
R = 5 nm, L=100 nm. To highlight the high frequency regions, frequency
ranges were varied. (a) φ

M − φpzc = −0.4V, f = 106.5 − 108Hz, (b) φ
M −

φpzc = 0V, f = 106 − 108Hz, (c) φ
M − φpzc = +0.4V, f = 105.5 − 108Hz.
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UTCL vs. CCL: Potential Dependence of Rsol 

  Tunability of proton conductivity with surface charge 
density 
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properties  
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Fig. 5. Dependence of sodium (1) and sulphate (2) ions adsorption on potential in 2-10e3 M Na,SO, . 
at pH = 6 (according to the data of [69]). 

platinum causes the pzfi to shift in the negative direc- 

tion by 60 mv. The potentials (Pi,. =. shift in the nega- 

tive direction in the presence of specifically adsorbed 

anions and in the positive direction in the presence of 

specifically adsorbed cations. The potentials wr,,+ =,] 

are less positive than qn =“. The most significant differ- 

ence between qPr . _D &d ‘p Z0 is observed on palla- 
dium. For Ru in &idified KC solution onlv the vr . 3 n .,, -., 
value, corresponding to the oxidized state of the sur- 

face could be determined. For iridium in, alkalized KI 

solution, two pzfi: were detected corresponding to the 
reduced and oxidized states of the surface. 

The appearance of a p,~fc in the oxygen region under 

certain conditions can be expected for the platinum 

electrode as well, if we proceed from the dependences 

of the free charge of the surface on the potential in acid 

and alkaline solutions. Indeed, in acid solutions with 

rising cp,, rH* at first increases and then begins to de- 

crease [65, 28, 221. In an alkaline solution of surface- 

inactive electrolytes over the whole range of q7,, J-Ha is 

negative [65, 281. Evidently, at a certain intermediate 

pH values we must have a 1’” +, qr curve intersecting the 

abscissa axis twice. The existence of a pzj? for oxidized 

platinum was established by the measurements carried 

out in [65, 661. In [66] the pzfc of oxidized platinum 

was determined by electrokinetic measurements in 5 x 

1O-6 M H,SO,. In order to elucidate the conditions 

of the appearance of a pzfi for oxidized platinum, in 

[69] the dcpendences of the adsorption of sodium- 

cesium and sulphate ions on potential at pH close to 

pH = 7 were measured by means of the radioactive 

tracer technique. As is clear from Fig. S, at the Pt/Pt 

electrode in 2 x 10-j M Na,SO, solution with pH = 

6, two pzfc can be observed, lying at 0.13 k O-02 and 

0.47 V (nhe) respectively. A similar phenomenon is 

encountered in 2 x lop3 M C&SO4 solution. These 

results have been confirmed recently by the potentio- 

metric titration method at constant total charge Q. 

The existence of two pzfc for platinum metals seems 

to be a general phenomenon. It is necessary, however, 

in each particular case to establish the conditions un- 

der which both r~zfc can be observed. At the same time, 

the pztc has only one value, which is due to the fact 

that when determining the pztc only the systems with 

&J‘ = constant are considered. For systems with 

pH = constant, the pzfc also has only one value. The 
possibility of plotting the curves of rH+ US electrode 

potential at pH = constant will be discussed below. 

A fundamental characteristic of platinum metals is 

the dependence of the pzfc on solution pH, which was 

for the first time established in [6S]. Later this problem 

attracted interest in connection with the works of 

Kheifets and Krasikov[70]. A complete solution of 

this problem can be achieved on the basis ol the ther- 

modynamic theory of platinum electrode [ 15, 221. 

Without taking account of Lorcnz’s charge transfer 

during adsorption, we can write 

It follows from equation (14) that at (&/aA,,),, Lt*.= 0 

the pzfi shifts with increasing pH in the negative dlrec- 

tion just as the potential of the reversible hydrogen 

electrode. If I > (&/dA,),c.,, > 0, then the pzfc also 

shifts with increasing pH in the negative direction, the 

dependence of the pzfc on pH being even greater than 

for the potential of the reversible hydrogen electrode. 

Such phenomenon was observed, for instance, for the 

p?fc of oxidized iridium in alkaline iodide solutions 

[Zl]. where the shift of the pzfi per unit pH is - - 110 

mv. At (~/~AH)~,.,~~ > 1, the pzfi should shift with in- 

creasing pH in the positive direction, the magnitude of 

the shift decreasing with increase of (&//aA,),,,,,_. So 

far. no positive shifts of the pzfc have been observed 

experimentally. Finally, at (&/dA,,),,.,* < 0, the pzfc 

shifts with increase of pH in the negative direction, this 

shift being less than that of the reversible hydrogen 
electrode potential and at (&/3A&+, 4 - x it lends 

to zero. 

The experimental investigation of the dependence of 

the pzfc on pH revealed that, for a pzfi lying in the hy- 

drogen region, (@/a~~ +), _ (,,,,, * < 1. The magnitude of 

the shift of the pzfc depends on the nature of the anion 

and increases with increase of its specific adsorbability. 
It follows from the experimental values of (a~,/ 

~FLH +k,, +_ that the derivative (&/aA,),,,,, for plati- 
num and rhodium usuallv lies within -04 - -2.5. 
Practical absence of the dependence of the p?fi on pH 

at low Na,S04 concentrations [71] is in qualitative 

agreement with this conclusion because in diluted 

solutions the specific adsorption of sulphate anion 

should be less pronounced than in 0.5 M Na2S04 used 
in 1151. 

ϕpzc (bare Pt) 
ϕpzc (oxidized Pt) 

Na+ 

SO4
2- 

Adsorption of Na+ and SO4
2- in 2x10-3 M 

acidified Na2SO4 at pH 6  
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Figure 4. Variation of equivalent circuit elements with potential: (a) Rsol and Cdl vs. φ
M − φpzc , (b) Rct vs. ηc at various φpzc. Assumed pore radius R = 5 nm,

L=100 nm, n = 1 × 1011cm−2.

where α − γ = −1/2, as determined in Ref. 21. By a similar deriva-
tion, the proton concentration at the metal|solution interface is

cH+

∣∣∣∣
r=R

= L
!

· Rsol K + R2 L
R2

sol K 2
. [48]

Consideration of Faradaic reactions.— With the inclusion of the
ORR, the impedance response has analytical solutions in three cases:

• The fast reactant transport case, where δcH+ and δφ within the
pore respond instantaneously to the applied δφM, and O2 does
not deplete significantly inside the pore.

• The fast oxygen diffusion case, where limitations in H+ trans-
port dominate the impedance response, and O2 does not deplete
significantly inside the pore.

• The fast proton transport case, where δcH+ and δφ within the
pore respond instantaneously to the applied δφM, and limitations
in O2 transport dominate the impedance response.

As illustrated in the schematic of Figure 5, which case applies
depends on the steady state proton concentration (which depends on
φpzc), the applied overpotential ηc, and the pore dimensions. The fast

φpzcincreases

|η
c|i

nc
re

as
es

Figure 5. Rough schematic of the regions where the three analytical ap-
proximations are applicable to the impedance response of O2−fed electrodes.
Locations of the boundaries depend on pore geometry.

transport case applies at low |ηc|. At higher |ηc|, transport limitations
are present. The fast O2 diffusion case applies for low φpzc materials,
where proton concentrations and current densities tend to be low,
and the fast H+ transport case applies for high φpzc, where proton
concentrations and current densities tend to be high. At very large
|ηc|, both reactant species should show transport limitations and the
impedance would have to be calculated numerically. As discussed
below, H+ and O2 transport limitations both show characteristic
features in the Nyquist plots.

Taking pore dimensions of R = 20 nm and L = 300 nm correspond-
ing to estimated pore geometry for 3M NSTF as an example,7 the hor-
izontal boundary in Figure 5 would be at approximately |ηc| ∼ 0.4V,
and the vertical one at φpzc ∼ 0.7 V. Both reactants are expected to
show transport limitations where |ηc| ! 0.8V.

Case 2: Fast reactant transport.— The fast transport case applies
where the UTCL is sufficiently thin, L " 300 nm, and the applied
overpotential is low, |ηc| " 0.4V. The proton concentration then re-
sponds instantaneously to the applied potential, and O2 transport is
not limiting,

δcc
H+ = −c3δφ

M , cO2 = co
O2

, δcO2 = 0. [49]

The corresponding impedance response is that of a simple parallel RC
circuit, illustrated in Figure 2b, with the form

ZC L (ω) =
[

1
Rct

+ iωCdl

]−1

. [50]

The charge transfer resistance Rct is (" · cm2)

Rct = 1
h

· ∂φ
M

∂ j elec

= − 1
h

· Rg T
F

· 1

j elec

· 1 − (!cc
H+ R2)2 + 4ε!cc

H+ R/CH[
γ
(

1 − (!cc
H+ R2)2

)
+ α

(
4ε!cc

H+ R/CH

)] . [51]

where the last term is a factor that varies from 1/γ to 1/α, and has a
range of 2/3 to 2. Figure 6 shows two impedance spectra where the
fast transport case applies, at φpzc = 1.1 V, ηc = −0.2 and −0.25V, R
= 5nm, and L = 100nm. Rct is equal to the zero frequency impedance,
and corresponds to the diameter of the characteristic semicircle in a
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Ongoing 3M NSTF EIS Experiments 

  Zhong-Xie (NRC-IFCI), Max Cimenti (AFCC)

 
 Objectives 

–  Model evaluation of proton transport mechanism 
–  Tool for materials selection 
 

 Challenges 
–  Thermal cycle break-in (liquid flushing) 
–  High f = O(100kHz) required due to high ωcrit 
–  Fitting errors increased by L, HFR, CPEM|UTCL  
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Proton Conductivity – Preliminary Results 
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 Conductivity is on the same order as that for Pt Black [1] 
[1] Thompson and Baker, ECST, (1) 709, 2011 

Conclusions and Outlook 

Steady state model 
  Importance of surface charge density, ϕpzc 

 
Impedance model 
  Separation of electrostatic, kinetic, transport contributions  
  Evaluation of proton transport mechanism



Challenges

  Systematic set of experimental impedance data (NRC-IFCI/AFCC)

  Pt oxide formation and a corresponding shift in ϕpzc 
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