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A rapid method for evaluating accessibility of Pt within Pt/C catalysts

for proton exchange membrane fuel cells (PEMFCs) is provided. This

method relies on 3-electrode techniques which are available to most

materials scientists, and will accelerate development of next-

generation PEMFC catalysts with optimal distribution of Pt within the

carbon support.
Proton exchange membrane fuel cells (PEMFCs) are rapidly
gaining entry into many commercial markets ranging from
stationary power to heavy duty/light duty transportation.
However, as the technology continues to advance, operating
current densities are pushed ever higher while platinum group
metal (PGM) loadings are pushed ever lower. As this occurs, new
challenges are being discovered which require materials-level
advances to overcome. In particular, as PGM loadings are
reduced to a level #0.125 mg cm�2, signicant performance
losses have been widely reported.1–5 These losses are most
clearly observed at current densities of >1.5 A cm�2, and have
been correlated very strongly with a decrease in ‘roughness
factor’ (‘r.f.’, a measure of cm2 Pt per cm2 membrane electrode
assembly (MEA)) at the cathode, leading several researchers to
attribute this to an oxygen transport phenomenon occurring at
each individual Pt site.2–4,6

Furthermore, some clear trends in performance have been
observed when comparing catalysts prepared by depositing Pt
nanoparticles on ‘low surface area’ (LSA) carbons vs. ‘high
surface area’ (HSA) carbons. Specically, Pt/LSA catalysts
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generally show poorer MEA-level mass activities, but better high
current density performance vs. Pt/HSA catalysts.7 This has been
hypothesized to be due to differences in the spatial distribution
of Pt on/within the carbon support. For Pt/LSA catalysts (such as
Pt/Vulcan carbon), the Pt generally resides on the outer surface
of the carbon structure,8 whereas for Pt/HSA (such as Pt/Ketjen),
the Pt has been observed to be deposited within the internal
porous structure.9 This leads to very different results when
tested in an MEA. At low current densities, Pt/LSA catalysts
typically show far worse activity than Pt/HSA. This is believed to
be due to the surface-constrained Pt on Pt/LSA catalysts being in
direct contact with ionomer which is known to specically
adsorb on the Pt surface resulting in decreased specic
activity.10–12 For Pt/HSA, the Pt is housed inside the pores of the
carbon which are believed to be too small for ionomer to
penetrate, allowing the Pt to achievemuch higher activities than
Pt/LSA. However, at high current densities, the Pt/LSA catalysts
will oen show improved performance vs. Pt/HSA catalysts as
the Pt nanoparticles for Pt/HSA catalysts are deposited deep
within the carbon structure leading to mass transport limita-
tions. Such structural differences have additional implications
for the local oxygen transport limitations previously discussed,
with recent work clearly indicating that the spatial distribution
of Pt within the carbon can have a signicant impact on these
observed losses.7

The importance of Pt spatial distribution on/within the
carbon support is now undeniably a critical performance metric
for MEA designers, but also for PGM catalyst researchers. As an
example, it is well known that the terminating crystal face of a Pt
nanoparticle has a large impact on its activity, and that the
‘preferred’ orientation depends on whether the environment
the nanoparticle experiences is expected to have strongly or
weakly binding anions.13,14 With the development of ‘shape
controlled’ Pt nanoparticles, materials researchers are now able
to target specic crystal orientations, leading to exceptional
activities (primarily reported at the RDE-level).15–17 However,
with what is now known about the importance of carbon
structure, it is clear that PGM catalyst researchers will have to
J. Mater. Chem. A, 2021, 9, 13471–13476 | 13471

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta01769a&domain=pdf&date_stamp=2021-06-12
http://orcid.org/0000-0002-6773-9630
http://orcid.org/0000-0001-6652-2619
http://orcid.org/0000-0003-0893-3027
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta01769a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA009023


Table 1 BET surface area before/after Pt loading, XRD Pt size, TEM Pt
size

Sample
BET surface
area (m2 g�1)

XRD Pt size
(nm)

TEM Pt size
(nm)

VC 231.4 — —
KB 774.6 — —
Pt/VC 121.8 3.0 2.8
Pt/KB 356.7 3.8 3.9
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design the PGM/C system under a unied catalyst design
strategy, as the spatial distribution of the PGM catalyst will
dictate which PGM crystal face should be targeted.

With these points in mind, it is clear that a rapid, inexpen-
sive method for evaluating ‘Pt accessibility’ is required. Unfor-
tunately, to date there are only two main approaches which are
used in the literature to get this critical information. The rst
approach is the use of 3D transmission electron microscopy (3D
TEM).8,9,18–21 Unlike conventional TEM which shows only a 2D
projection of the 3D catalyst particle, 3D TEM allows for a full
3D reconstruction and thus can unequivocally determine the
spatial distribution of the Pt within the carbon structure. The
images are taken using a conventional TEM, but the sample is
imaged through a tilt range of �60–65�, rotated by 90�, then
imaged through another tilt range of�60–65�. These images are
then combined using specialized soware to produce a ‘tilt
series’, and eventually tomography of the sample. A similar
result can be achieved through the combination of scanning
electron microscopy (SEM) and transmission scanning electron
microscopy (TSEM).22 While these approaches provide excellent
visualization of the 3D structure, they have a few signicant
drawbacks including high cost, lengthy analysis (3D TEM can
take �1–2 days per sample when including the time for data
analysis), and limited statistical relevance due to the constraint
of imaging only 1–2 Pt/C particles per sample. Furthermore,
while this approach can provide a clear understanding of where
the Pt is located, it is not a direct measure of ‘Pt accessibility’,
which must be tested in situ. With this in mind, the second
approach has been to perform cyclic voltammetry (CV) of the
cathode catalyst layer to determine the electrochemical surface
area (ECSA) as a function of cathode relative humidity (RH).7,22

This concept is based on the underlying assumption that Pt
nanoparticles housed within pores below a critical diameter
(exact size still not well dened) are inaccessible to ionomer.
Thus, for these Pt nanoparticles to contribute to ECSA, the
reactants (either protons for hydrogen underpotential deposi-
tion (HUPD) or CO for CO-stripping) must be transported
through the water in these pores. The stronger the dependence
of ECSA on RH the more the Pt can be considered to be housed
inside the carbon structure as opposed to the outer surface.
Catalysts which show a strong ECSA/RH dependency generally
show poor high current density performance, and higher ‘local
O2 transport losses’, making this an important dataset when
evaluating any new catalyst. However, this approach is generally
not viable for most materials-level researchers, as it typically
requires gram level quantities of catalyst, access to a fuel cell
test station, and expertise in MEA assembly. Therefore, to
expedite the design of combined ‘Pt/C’ systems with an opti-
mized pairing of Pt and carbon structure, a rapid/low cost
screening method is required that is easily accessible to
materials-level researchers.

For the past several decades, the most commonly used
technique for materials-scientists to screen new catalysts has
been 3-electrode systems where (most commonly) the working
electrode is a rotating disc electrode (RDE). This approach
requires only mg-level quantities of catalyst, and is very rapid,
providing information on catalyst activity within a matter of
13472 | J. Mater. Chem. A, 2021, 9, 13471–13476
hours (vs. days at the MEA-level when including the necessary
conditioning time). While it is widely acknowledged that the
absolute activity and durability values measured by RDE are not
(and should not) be expected to match exactly with MEA-
level,23–25 a properly optimized RDE protocol26–28 can accurately
predicted trends between catalysts for MEA-level activities29,30

and durabilities.30,31 Thus, as RDE is such a widely used tech-
nique, and is available/accessible to nearly all fuel cell catalyst
researchers, it was our goal to utilize this technique to develop
a quick method which can be used to predict trends in ‘Pt
accessibility’, which has recently become of utmost importance
for both material scientists and MEA researchers.6 For porous
carbon materials, it is known that the measured specic
capacitance decreases as the sweep rate (mV s�1) increases, as
the charged species experience increased transport limitations
within the pores of these carbon structures at ever increasing
sweep rates.32,33 Therefore, the same can be assumed to be true
for HUPD area, and thus it appears highly probable that
a simple yet powerful analysis could be developed using this
concept.

To test this hypothesis, two catalysts were synthesized based
on Vulcan carbon (VC) which is a low surface area ‘solid’ carbon
support and Ketjen black (KB) which is a high surface area
‘porous’ carbon support. Both carbon supports were loaded
with�50 wt% Pt. X-ray diffraction demonstrated that Pt/VC and
Pt/KB possessed similar Pt crystallite sizes of 3.0 and 3.8 nm,
respectively (Fig. S1†). The particle size was also evaluated by
transmission electron microscopy, giving average values of
�2.8 nm and 3.9 nm (Fig. S2†), respectively. The exact Pt load-
ings were veried through Inductive Coupled Plasma Emission
Spectrometer (ICP), and are reported in Table S1.†

The BET surface area of each catalyst was also measured,
with a decrease in surface area being observed for both catalysts
following the synthesis (Fig. S3†). This is not unexpected for
a variety of reasons, and in reality, predicting the surface area of
a Pt/C catalyst based on the surface area of the carbon support is
nontrivial. First, when loading a carbon material (with a density
of �1.6–2 g mL�1 (ref. 34 and 35)) with Pt (density of 21.45 g
mL�1 (ref. 36 and 37)), the specic surface area (m2 g�1) will
decrease simply due to an increase in overall density of the Pt/C
vs. C. Secondly, it is believed that the Pt nanoparticles (3–5 nm)
can block some of the micropores in the carbon structure19,38

thus effectively eliminating these pores from contributing to
overall BET surface area. Finally, as N2 gas sorption is non
specic ‘physisorption’, the act of depositing nanoparticles
onto the carbon can provide additional surface area. Thus, with
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 MEA performance for MEA-Pt/VC and MEA-Pt/KB at 100% RH,
75 �C, and 140 kPa.

Fig. 2 Relationship between ECSA and relative humidity for Pt/KB
(purple) and Pt/VC (blue).
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these points in mind, it is hard to draw any rm conclusions
from directly comparing changes in surface area. However, as
shown in Table 1, the overall surface area was decreased for
both catalysts following Pt deposition, as has been oen
reported.19,38,39

The performance of MEA-Pt/VC and MEA-Pt/KB are shown in
Fig. 1. As expected, the Pt/VC catalyst shows relatively low mass
activity (M.A.) and poor performance at low current densities vs.
the Pt/KB catalyst. Such a response has been previously
demonstrated for ‘solid’ vs. ‘porous’ carbon supports,7 and can
be explained based on ionomer poisoning of the catalyst sites
which are predominantly on the outer surface when Vulcan
carbon is used as a support.8 At high current densities, the Pt/
KB catalyst begins to show poorer performance vs. Pt/VC,
likely as a result of transport limitations to the Pt buried
within the pores of Pt/KB.

The electrochemical properties of the two catalysts are
highlighted in Table 2. The XRF-measured Pt loadings are very
close to the targeted Pt loading of 0.35 mg cm�2. It should be
noted that while many publications have shown Pt loadings
closer to 0.125 mg cm�2, the data here highlights that the
differences in performance observed for these two carbon
structures is not specic to ultralow loading designs, but rather,
has immediate signicance for current commercial products.

At the RDE-level, both catalysts show very similar mass
activities of �0.2 A mg�1 which is quite reasonable for a Pt/C
catalyst.40 However, at the MEA-level there is a large discrep-
ancy, with the Pt/VC catalyst showing nearly 2� lower mass
activity vs. Pt/KB. This is not surprising, as it has been suggested
that ionomer poisoning of the catalyst surface can decrease
mass activity by a factor of >2.7 Thus, overall these results are
fully in line with the expectations for these two catalysts, which
serve as ideal model catalysts to determine whether a rapid ex
situ method can be developed to screen ‘Pt accessibly’.
Table 2 ECSA and M.A. from RDE and from MEA

Sample
Cathode loading
(mg cm�2)

Roughness factor
(cm2 Pt per cm2 MEA)

MEA E
(m2 g�

Pt/VC 0.37 201 54
Pt/KB 0.36 202 56

This journal is © The Royal Society of Chemistry 2021
To evaluate the Pt accessibility in the catalyst layer, ECSA was
measured as a function of relative humidity, with the results
shown in Fig. 2. This approach has been used relatively widely
in the literature,7,22 and consistently demonstrates relative ECSA
vs. RH independence for ‘solid’ carbon supports, as is also
shown here.

The strong dependency of the roughness factor for catalysts
such as Pt/KB on RH has previously been ascribed to the
inability of protons to access the Pt particles housed inside the
pores of mesoporous carbon materials.7,22,41 As the RH is
decreased, the water pathways in the porous carbon structure
are diminished leading to a loss of ECSA/roughness factor. For
solid carbon supports such as Pt/VC, the majority of the Pt
particles are located on the outer surface of the carbon and are
thus far less sensitive to changes in RH as direct proton access
through PFSA ionomer is possible. It should be noted that these
observations on Pt distribution should be considered as
statistical rather than 100% certain. In the case of Pt/KB, it is
highly probable that some of the Pt particles reside on the outer
surface of the carbon support, but a high percentage are likely
housed in the pores.

Overall, Fig. 1 and 2 provide strong evidence that the Pt is
primarily located on the outer surface of Pt/VC and within the
pores of the carbon support for Pt/KB. To further verify this
hypothesis, 3D TEM/TEM tomography was performed on both
Pt/VC and Pt/KB (Fig. 3).

The tomography images in Fig. 3 provide strong support for
the proposed spatial distribution of Pt for both Pt/VC and Pt/KB.
The full tomographic reconstruction and tilt series for these
catalysts are available as ESI.† For Pt/VC, it is evident that nearly
all of the Pt is constrained to the outer surface of the carbon
structure, in good agreement with both theMEA data (Fig. 1 and
2) and previously reported TEM tomography on similar Pt/VC
catalysts.8 For Pt/KB, it is clear that many of the Pt particles
CSA
1)

MEA mass activity
(A mg�1)

RDE ECSA
(m2 g�1)

RDE mass activity
(A mg�1)

0.14 42 0.21
0.24 48 0.18

J. Mater. Chem. A, 2021, 9, 13471–13476 | 13473
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Fig. 3 3D-TEM/TEM tomography images for Pt/KB and Pt/VC.
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reside inside the carbon structure. It is generally accepted that
ionomer cannot penetrate into the pores of KB,7,42,43 thus sup-
porting the hypothesized reason for the MEA results shown in
Fig. 1 and 2. Overall, with the MEA and TEM tomography
results, it can be concluded that Pt/KB and Pt/VC are ideally
suited to evaluate with the new ‘Pt accessibility’ method
proposed in this work.

To determine Pt accessibility through RDE methods, the
HUPD charge was measured as a function of sweep rate
(Fig. S4†). For each catalyst, the HUPD charge was obtained
using conventional methods.40 Briey, the charge was calcu-
lated in the potential range of 0.05 to 0.37–0.4 V (the upper
Fig. 4 (a) The relationship between the HUPD area of Pt and the CV
sweeping speed obtained by the RDE method; (b) the relationship
between normalized Pt HUPD area and CV sweeping speed, and the
inserted formulas are the results after curve fitting.

13474 | J. Mater. Chem. A, 2021, 9, 13471–13476
potential of the HUPD region was subjectively determined
based on where the HUPD charge appeared to converge with the
baseline charging current). The charging current was sub-
tracted from the total charge within this potential range, and
a value of 210 mC cm�2 was assumed for one monolayer of
adsorbed hydrogen (Hads) on Pt.40 The electrochemical area was
then divided by the mass of Pt on the electrode (45 mg cm�2 Pt)
to obtain the ECSA. As shown in Fig. 4, the measured HUPD
charge for both Pt/VC and Pt/KB decreases as the sweep rate
increases. While Fig. S4† also shows that the CVs became
resistive at high scan rates, the degree of CV distortion for both
Pt/KB and Pt/VC were similar (Fig. S5†) suggesting that this
observed resistance did not impact one of the catalysts more
than the other.

Plotting changes in double layer charge vs. sweep rate has
previously been used when studying carbon materials for use as
supercapacitors.32,33 The double layer charge of more accessible
carbon structures (larger pore diameter) is less sensitive to
sweep rate as the ions are more easily able to transport in/out of
the carbon pores at high rates. The same appears to be true for
the HUPD process being plotted in Fig. 4(a). The HUPD area of
the Pt/KB catalyst is initially higher than that of Pt/VC which has
also been reported by other authors when comparing KB and VC
supports.44 However, it is clear that the HUPD charge of Pt/VC is
less strongly correlated to sweep rate than Pt/KB, such that at
sweep rates of >600 mV s�1, the HUPD area of Pt/VC is actually
measured to be higher than that of Pt/KB. To more clearly
compare these two catalysts, the HUPD charges for both cata-
lysts were normalized to their initial value measured at 10 mV
s�1 (Fig. 4(b)). The slope of the best t line in Fig. 4(b) is
representative of the Pt accessibility, with Pt/KB showing a 30%
higher slope vs. Pt/VC, indicative of the less accessible Pt in Pt/
KB vs. Pt/VC. It is clear that this approach can already be used as
a quick method to screen relative differences in ‘accessible’ vs.
‘inaccessible’ Pt, and can thus provide material scientists with
a rapid and inexpensive approach to study Pt accessibility.
Further development of this method should enable even
This journal is © The Royal Society of Chemistry 2021
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stronger predictive capabilities, but the work here is sufficient
for ‘proof of concept’ that this technique can be used. Speci-
cally, the use of CO-stripping (as opposed to the HUPD method
used here) may help to further improve the resolution in Fig. 4
as the signal to noise ratio is generally better for CO-stripping
vs. the HUPD method.

In this work, we report a simple and inexpensive approach to
help materials scientists rapidly evaluate the Pt accessibility of
their Pt/C catalysts. Until now, the only tools for such analysis
were MEA-level studies (including performance testing and/or
plotting roughness factor vs. RH) or TEM tomography. While
powerful techniques, both approaches are very expensive, time
consuming, and not accessible to the majority of materials
scientists researching new catalyst materials for PEMFCs. The
simple method shown here requires only mg quantities of
catalyst, and can be performed in several hours using relatively
(vs. MEA test stations or 3D TEM tomography) inexpensive
equipment that is accessible to nearly all materials scientists.
While applied here for Pt/C catalysts, a similar technique could
be used for non-precious metal catalysts (NPMCs) where active
site accessibility is equally important. Since direct measure-
ment of NPMC active sites is non-trivial, in this case the specic
capacitance of the NPMC could be taken as estimate of ECSA
and plotted vs. sweep rate.
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