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Chemically modified single-walled carbon nanotubes (SWNT's) with varying degrees of functionalization
were utilized for the fabrication of SWNT thin film catalyst support layers (CSLs) in polymer electrolyte
membrane fuel cells (PEMFCs), which were suitable for benchmarking against the US DOE 2017 targets.
Use of the optimum level of SWNT -COOH functionality allowed the construction of a prototype
SWNT-based PEMFC with total Pt loading of 0.06 mgp,/cm” - well below the value of 0.125 mgp,/cm’ set as
the US DOE 2017 technical target for total Pt group metals (PGM) loading. This prototype PEMFC also
approaches the technical target for the total Pt content per kW of power (<0.125 gpgy/kW) at cell potential
0.65 V: a value of 0.15 gp/kW was achieved at 80°C/22 psig testing conditions, which was further reduced
to 0.12 gp/kW at 35 psig back pressure.

he polymer electrolyte membrane fuel cell (PEMFC) operating on hydrogen fuel has been identified as a

clean energy source and is expected to reduce fossil fuel dependence'"*; a major hindrance to the commer-

cialization of the PEMFC is the high cost associated with the Pt catalyst which continues to increase*’. The
US Department of Energy (DOE) has established 2017 technical target for reduction of the total Pt group metal
(PGM) loading to 0.125 mg/cm?, a significant decrease over the Pt loading of 0.4-1.0 mg/cm® used in current
PEMEFCs*°. This can be translated to the Global target, which requires less than 10 g of platinum per car by the
year 2020 compared to the 80 g of platinum in the current state-of-the-art commercial fuel cell cars®. Further
decrease in the Pt loading requires the development of novel catalysts, which can improve the kinetics and
thermodynamics of the oxygen reduction reaction (ORR) at the cathode’*". In recent years a number of novel
catalyst systems with reduced PGM content have been proposed including Pt alloys'*'>'*'%, core-shell Pt nano-
particles'""**', Pt on whiskers and Pt nanotubes®***, and platinum-free catalytic systems'”**?>¢. The second
direction, which is addressed in the present manuscript, relates to the improvement of the catalyst support layers
(CSL) at the cathode and anode; the CSL governs the efficiency of catalyst utilization by maintaining the correct
balance of reactants and products at the triple-phase interface” .

The most commonly used catalyst support is carbon black (CB), but in the last decade a number of carbon-
based nanostructured materials with high surface area and porous structures, such as SWNTs, multiwall carbon
nanotubes (MWNTs), carbon nanofibers, nanohorns, and recently graphene, have received increasing atten-
tion'”*7*. Our recent efforts were devoted to the development of ultra-thin carbon nanotube CSLs with ultra-low
Pt loading based on SWNTs, MWNTs****', and SWNT-MWNT hybrid**; a related development was recently
presented in a SWNT-carbon nanofiber hybrid structure®.

In the present manuscript, we present a comprehensive study of the effect of chemical functionalization of
SWNTs on the morphology and physical properties of the SWNT based CSL in relation to the electrochemical
activity of the supported Pt catalyst. The degree of -COOH functionalization of the SWNTs was optimized,
thereby allowing a reduction of the Pt loading to the level of 0.06 mgp,/cm* while the Pt content per kW of
generated power at 0.65 V was reduced to 0.12 g/kW; both parameters benchmark favorably against the DOE
2017 technical targets. It should be noted that the DOE targets are set for an integrated 80 kW, system which
includes multiple MEA stacks and other auxiliary components. Nevertheless, the individual MEAs presented here
constitute prototype cells which serve as precursors to the construction of complex integrated systems, so the
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discussion of their performance in terms of DOE targets is appro-
priate, although the reliability requirements will be more rigorous in
commercial systems. The SWNT thin film based CSL involves wet-
ink processing that is easily scalable and fully compatible with con-
ventional catalyst layer coating technologies.

Results

For optimization of the SWNT-based CSL, four different chemical
processing routes (Figure 1), were applied to as-prepared electric arc
synthesized SWNTs (AP-SWNTs)*>**. The first route included high
temperature oxidation of AP-SWNTs in air for removal of amorph-
ous carbon impurities followed by dissolution of the oxidized metal
catalysts in dilute hydrochloric acid; this process resulted in purified
non-functionalized SWNTs (SWNT-NF) with an undetectable con-
centration of COOH groups. Two other processing routes began with
a 90 min, 16 M nitric acid reflux followed by low speed centrifu-
gation*, which is known to introduce carboxylic acid groups into the
SWNTs, although acid-base titration experiments show that the con-
centration of phenol and lactone functionalities is negligible*.

The solid obtained after decantation is subsequently referred to as
purified, medium -COOH functionality SWNTs (SWNT-MF, 2 =
0.4% COOH/carbon atom)**%, Base treatment of the SWNT-MF
material partially removes the carboxylated carbon fragments from
the SWNTs*, and results in purified, low COOH functionality
SWNTs (SWNT-LF, 1 * 0.2% COOH/carbon atom). The fourth
route was comprised of 3 steps: 1) 3 hour, 16 M nitric acid treatment;
2) low speed centrifugation to remove amorphous carbon and oxi-
dized catalyst; and 3) high speed centrifugation to remove graphitic

nanoparticles*’; the resulting product corresponds to purified, high
functionality SWNTs (SWNT-HF, 4 = 1% COOH/carbon atom).

As shown in the process flow diagram (Figure 1), the Pt nanopar-
ticles were attached to the SWNT surface of all four SWNT products
at targeted Pt loading of 30 wt% using the ethylene glycol based in-
situ reduction process®. The actual Pt loading was evaluated by
thermogravimetric analysis (TGA) taking into account the difference
in TGA metal residue of SWNT materials before and after Pt depos-
ition (Supplementary Information Figure S1). The resulting values of
the Pt loading for all products were in the range 28-32 wt% with the
Pt loading slightly increasing with the content of the carboxylic
groups due to improved anchoring of Pt nanoparticles to the
SWNT functionality (Supplementary Information Table S1).
Inductively coupled plasma mass spectrometry (ICP), independently
confirmed the validity of the TGA analysis for determination of Pt
loading. The Pt-loaded SWNT's were dispersed in ethanol at a con-
centration of 0.1 mg/mL and deposited on a carbon fiber paper gas
diffusion layer (GDL) coated with a hydrophobic microporous layer
(SGL-GDL 25BC) by a vacuum filtration process in which the carbon
fiber paper is used as the filtration membrane thereby leading to a
GDL that is uniformly coated with the Pt-loaded SWNT's in the form
of a thin film. The total amount of Pt-SWNT material in the disper-
sions was calculated to target an electrode loading of 0.03 mgp,/cm*
(see Supplementary Information), approximately an order of mag-
nitude less than that used in typical commercial PEMFCs.

SEM images of the thin films of Pt-loaded SWNT's are presented in
Figures 2(a-d) and are strongly dependent on the degree of COOH
content. The Pt-SWNT-NF film (Figure 2a) shows high porosity and
large bundles, up to 100 nm in diameter, as a result of the strong van

" As-prepared SWNT “

]

]

!

Air-oxidation of

Reflux with

|| Longer nitric

amorphous carbon nitricacid (1.5 h) acid reflux(3.0 h)
Dissolve metal Remove amorphous Remove amorphous
impurities carbon and carbon and

by HCl freatment

metal impurities

metal impurities

Remove excess Sonication
carboxylated carbon and high speed
by base washing centrifuge
SWNT-NF SWNT-LF | SWNT-MF SWNT-HF

!

1 1

!

Pt functionalization of SWNT by in-situ reduction

1 1

Pt- SWNT-NF ||

Pt SWNT-LF ||

Pt SWNT-MF | [ Pt-SWNT-HF
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der Waals attraction between the clean graphitic walls of the purified
SWNTs which are free of surface functionalities. As the concentra-
tion of the surface functional groups increases the van der Waals
interactions are inhibited and the average SWNT bundle size
decreased in the following sequence: 15 nm (SWNT-LF), 7 nm
(SWNT-MF), 4 nm (SWNT-HF) (SI, Table S1). With decreasing
bundle size the pore size of SWNT film diminishes (Figure 2, a-d);
at high COOH content (Pt-SWNT-HF, Figure 2d) the film consists
of densely packed thin SWNT bundles with very small pore size.
TEM images showing the distribution of the Pt nanoparticles on
the SWNT surfaces are presented in Figure 2e-2h; the imaging con-
firms the decreased bundle diameter as a result of the progressively
increasing carboxylic acid content in the SWNT samples. The size of
the individual Pt nanoparticles is between 1 and 5 nm (mean value
of 2.2-2.4 nm) for all materials (Figure S2), but the degree of
aggregation of the particles increases significantly with decreasing
COOH content. For example, in the case of the SWNT-HF and
SWNT-MF materials, the Pt nanoparticles are well separated and
uniformly distributed on the surface of SWNT bundles, presumably
as a result of platinum coordination by carboxylate groups, while
in the case of the non-functionalized SWNT-NF material the Pt
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Figure 2 | SEM and TEM images of Pt supported SWNTs. (a—d) SEM
images and (e-h) TEM images.

particles aggregate to form line-type fragments oriented along the
SWNT bundles as a result of the high mobility of platinum on graph-
itic surfaces.

Figure 3 shows the degree of functionalization, apparent density,
and Brunauer, Emmett and Teller (BET) surface area of the SWNT
materials. As discussed earlier, the concentration of COOH groups
increases from 0 to 4% per carbon atom between the extreme cases of
non-functionalized and highly functionalized SWNTs as shown in
Figure 3a. The apparent density of the SWNT films was calculated on
the basis of their weight and geometrical dimensions and shows an
increase (Figure 3b) in correlation with the decreased porosity and
increased packing density of the SWNT network as the COOH
content increases (Figure 2a-2d). The BET surface area shows a
decrease of two orders of magnitude with increasing COOH content
(Figure 3c); this can be related to blocking of the inter-bundle
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Figure 3 | Degree of functionalization, density and surface area of SWNT
materials. (a) COOH functional group content, (b) Apparent density and
(c) BET surface area of SWNT materials.
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galleries and intra-bundle interstitial channels by the -COOH groups
and carboxylated carbon fragments.

Figure 4 presents measurements of the electrochemical surface
area (ECSA) of the CSL, an important characteristic which largely
defines the fuel cell performance. Conventional measurements of
ECSA involve the preparation of an ultrathin film of catalyst layer
on a glassy carbon electrode designed to exclude diffusion pro-
blems®’, however, the same surface area is not always observed in
an actual gas diffusion electrode configuration®**' for fuel cells util-
izing 0.5-1.0 mg of Pt/cm”in a 15-30 pum thick CSL. Because of the
ultralow Pt loading and micrometer range thickness of SWNT-based
CSLs, we employed a direct measurement of the surface area on the
gas diffusion electrode in order to relate the fuel cell performance
with the ECSA measurements. In addition, we conducted traditional
ECSA measurements on ultra-thin SWNT-Pt thin films deposited on
glassy carbon electrodes, and obtained an excellent correlation
between the data sets.

Figure 4a presents cyclic voltammetry (CV) ECSA measurements
for the Ptloaded SWNTs conducted in 0.5 M H,SO, under nitrogen
atmosphere at a scan rate 50 mV/s. The ECSA values were calculated
by integrating the charge collected in the hydrogen desorption region
after double layer correction under the assumption that a monolayer
of hydrogen requires 0.21 mC/cm?® for its oxidation. As shown in
Figure 4b, the lowest ECSA was obtained for the SWNT-HF material
which also exhibited a very low BET surface area (Figure 3c). This
material shows densely packed thin SWNT-HF bundles (Figure 2d),
and the carboxylated fragments occupy the interbundle space block-
ing access to the Pt nanoparticles. As the COOH acid content
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Figure 4 | Electrochemical characterizations. (a) Cyclic voltammograms
of Pt loaded SWNTs (b) Electrochemical surface area (ECSA) of Pt
supported SWNTs.

decreases, the ECSA increases in correlation with the increased pore
size (Figure 2) and decreased presence of carboxylic fragments, but
the rate of the ECSA increase is slower than the corresponding
increase of the BET surface area (Figure 3c). After reaching a max-
imum in the case of the SWNT-LF CSL the ECSA decreases by more
than 2 times for SWNT-NF in contrast with the corresponding 2.5
fold increase of the BET surface area.

Several factors may contribute to the difference in the dependence
of the ECSA and BET surface area on the SWNT carboxylic acid
content. First, it should be noted that interstitial (intertube) space
within the bundles contributes to the BET surface area but is not
accessible to the Pt catalyst nanoparticles. A decrease of acid content
leads to an increased bundle size, and thereby increases the intersti-
tial fraction of the BET surface area corresponding to channels that
do not contribute to the electro-catalyst activity. Second, with
decreasing COOH content we observed an increased aggregation
of the Pt catalyst nanoparticles (Figure 2e-h), which would naturally
suppress the catalytic activity. The highest ECSA of ~ 60 * 5 m?/g
was observed for the SWNT-LF material, which combines the advan-
tages of high porosity and BET surface area with the presence of a
sufficient concentration of carboxylic groups to anchor the catalyst
on the SWNT surface.

For fuel cell testing the SWNT materials were utilized at the cath-
ode electrodes at a loading of 0.03 mgp/cm? in otherwise identical
MEA structures, as presented in Figure 5a. For the anode electrode a
conventional XC72 carbon black (ETek, Inc.) based CSL was utilized
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Figure 5 | MEA performance of SWNT catalyst supports. (a) Schematic
of MEA with carbon black anode and SWNT cathode catalyst support layer
and (b) Fuel cell performance of various SWNT catalyst support layers.
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with a loading of 0.2 mgp/cm® The nafion membrane (DuPont
NRE-212) was sandwiched between the anode and cathode (area
of 5 cm’®) by hot pressing at 140°C for 3 min at a pressure of
40 kg/cm’ (Figure S3). Note that the SWNT-CSLs used in this study
utilize no nafion in the catalyst layer because the SWNT thin film
CSL provides the proton transport. Hydrogen and oxygen were used
at the anode and cathode, with a flow rate of 0.2 SLM under a pres-
sure of 35 or 22 psig at an operating temperature of 70 or 80°C.
Figure 5b compares the performance of the MEAs with different
cathode CSLs; the lowest MEA performance corresponds to the
SWNT-NF and SWNT-HF based cathodes in accord with their
low ECSA values. The main cause for the low MEA performance
of SWNT-NF cathode material is catalyst aggregation (Figure 2e),
while the SWNT-HF based cathode suffers from blocking of the Pt
nanoparticles by carboxylic functional groups and suppressed mass
transport due to low porosity and high hydrophilicity of the SWNT-
HF network. The SWNT-LF and SWNT-MF MEAs show signifi-
cantly better performance in correlation with the high ECSA values
of the corresponding cathodes (Figure 4). The performances of
MEAs with SWNT-MF and SWNT-LF cathodes are very similar
up to current densities 0.7 A/cm? at higher current densities the
performance of the MEA with SWNT-MF based cathode degrades
while the SWNT-LF based MEA holds its performance up to a
current density 1.6 A/cm? The high current range of fuel cell opera-
tion is usually limited by mass transport®, which is improved in case
of SWNT-LF CSL due to increased porosity and reduced hydrophi-
licity as a result of the reduction in COOH groups. Thus by adjusting
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Figure 6 | High mass activity of low Pt-SWNT electrodes. (a) Fuel cell
performance of high Pt carbon black (CB) anode (black), compared to low
Pt-SWNT anode (red); (b) Mass activity curves for high Pt-CB anode
(black), and low Pt-SWNT anode (red).

the chemical processing of the catalyst support layer, we were able to
optimize the concentration of functional groups, SWNT bundle size,
and the SWNT network porosity to achieve improved CSL perform-
ance. Because of their high performance the SWNT-LF and SWNT-
MF materials were selected for further optimization, as discussed
below.

In order to achieve the 2017 DOE technical targets, the Pt loading
must be further reduced while maintaining efficient MEA perform-
ance. For this purpose the MEA configuration was modified by
substituting the 0.2 mgp/cm* loaded carbon black anode with a
SWNT-MF based CSL with a Pt loading of 0.03 mg/cm?, while on
the cathode side the Pt- SWNT-LF was used with the same Pt loading
of 0.03 mg/cm? resulting in total Pt loading of 0.06 mg/cm®
Figure 6a shows that the performance of the resulting MEA does
not degrade despite the significantly reduced Pt loading at the anode.
Moreover, presentation of the results in terms of Pt mass activity in
Figure 6b reveals a significant advantage to the utilization of the all-
SWNT cathode and anode CSL, demonstrating a fourfold improve-
ment in Pt utilization efficiency.

Discussion

Some of the SWNT-based MEA performance data is benchmarked
against the DOE 2017 technical targets in Figure 7. Compared to a
conventional all CB MEA with a total Pt loading of 0.8 mgp,/cm**,
we have reduced the total Pt loading to 0.23 mgp,/cm* with a com-
bination of 0.2 mgp/cm?* carbon black anode CSL and 0.03 mgp,/
cm’ SWNT cathode CSL. We further reduced the total Pt loading by
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making both CSLs based on SWNTs with total Pt loading of
0.06 mgp,/cm?, well below the DOE 2017 target for Pt group metals
of 0.125 mgpgp/cm? (Figure 7a). The DOE 2017 technical target for
Pt per kW of generated power at V = 0.65 V, requires a figure below
0.125 gp/kW. Figure 7b shows an improvement in this parameter as
a result of the optimized SWNT acid content on the cathode CSL in
the presence of the CB anode with conventional Ptloading of 0.2 mg/
cm’. Utilization of the all-SWNT low Pt loading cathode and anode
CSLs attains a level of 0.12 gp/kW, thereby satisfying the DOE tar-
get, although this value was achieved at pressure of 35 psig at 80°C,
while DOE requires an MEA test pressure of 22 psig.

The performance of the SWNT-based PEMFC needs further
improvement in order to reach other important DOE targets, for
example, the rated power of 1 W/cm?® at V. = 0.65 V for which our
MEA shows a value ~ 0.5 W/cm®. Some of these targets can be
achieved by further optimizing the current Pt-SWNT CSL within
the Pt loading window 0.06-0.125 mg/cm’. Reaching the other bench-
marks, especially related to the catalyst activation at high fuel cell
voltage (V. = 090 V), would require the combination of the
SWNT-based CSL with a novel catalyst system with improved ORR,
perhaps relying on approaches under investigation in other laborat-
ories, thereby enabling PEMFC commercialization™>'>'202%3¢37,

One of the most important requirements is long term stability of
the MEA performance. Here, for initial evaluation, we conducted
accelerated stability test of the SWNT-LF CSL at a loading
0.03 mgp,/cm* using cyclic voltammetry to measure the ECSA value
as a function of the number of cycles. Figure 8 shows that the surface
area of Pt catalyst decreases by less than 5% after 5000 cycles. More
extensive long term stability testing needs to be conducted according
to DOE requirements, but these initial results show an excellent
corrosion stability of the SWNTs and demonstrate the potential of
SWNTs as a catalyst support in comparison to current commercial
materials, which show a loss of more than 30% of the Pt surface area
during similar tests®~>°.

Single-walled carbon nanotubes were chemically processed to
achieve the optimal SWNT bundle size and the optimum concentra-
tion of carboxylic acid functional groups thereby resulting in effi-
ciently anchored Pt catalyst nanoparticles, and optimum SWNT film
porosity, and hydrophilicity. The resulting materials allowed the
construction of a prototype SWNT-based PEMFC with total MEA
Pt loading reduced to 0.06 mgp,/cm?, well below 0.125 mgp/cm’
technical target set by DOE for 2017. This prototype PEMFC also
approaches the technical target for the total Pt content per kW of
power (<0.125 gpgm/kW) at a cell potential 0.65 V: a value of
0.15 gp/kW was achieved at 80°C/22 psig testing conditions, which
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Figure 8 | Accelerated stability test. Electrochemical stability testing of
SWNT-LF CSL using cyclic voltammetry.

was further reduced to 0.12 gp/kW at 35 psig back pressure. Cyclic
voltammetry based accelerated stability tests showed only 5% ECSA
reduction after 5000 cycles. The SWNT thin film based CSL involves
a wet-ink process that is easily scalable and compatible with the
conventional catalyst layer coating technologies thus offering an
attractive route to the manufacture of highly efficient, compact auto-
motive fuel cells.

Methods
As-prepared SWNTSs (AP-SWNT's) produced by the arc-discharge method were
obtained from Carbon Solutions Inc., Riverside, CA.

The carboxylic acid content in the oxidized SWNTSs was determined by directly
neutralizing each of the materials with NaOH according literature procedures***°.
Briefly, 100 mg of SWNT-COOH material was combined with 25 mL of 0.0125 M
NaOH in a sealed polyethylene container and stirred under Ar atmosphere for 48 h.
After 48 h the pH was measured with a Corning 445 pH meter and this value was
compared to a blank solution (without SWNT material).

The SWNTSs were loaded with Pt as follows: 228 mg of SWNT were sonicated
overnight in 40 mL of ethylene glycol (EG) and then 263 mg of H,PtCls added under
an Ar atmosphere. The pH of the slurry was adjusted to 11-12 using NaOH and the
temperature increased to 135°C and allowed to stir for 3 hrs. After the reaction, the
pH of the slurry was decreased to 2 using HCI and washed with excess water three
times using a centrifugation/decantation process to remove excess EG. The wet cake
of Pt loaded SWNT's was suspended in 250 mL of distilled water to obtain a 1-2 mg/
mL dispersion. This dispersion was sonicated 2 hours and further diluted with eth-
anol to obtain a 0.1 mg/mL dispersion of Pt-SWNTs.

Scanning electron microscopy (SEM) images were obtained from a Philips XL30-
FEG instrument operating at 10 kV. TEM images were obtained from Technai 12
operating at 120 kV using an ethanol dispersion of Pt loaded SWNTs.
Thermogravimetric analyses of Pt-SWNT's were measured in air at a heating rate of
5°C/min using a Perkin-Elmer Pyris 1 Thermal Analyzer. Cyclic voltammetry
experiments were carried out using a three electrode system on a CH Instrument
potentiostat (model 1140). The working electrode was fabricated to expose 1 cm?
active area of the CSL in the GDE by covering other parts with Teflon tape. Pt wire and
Ag/AgCl were used as counter and reference electrodes, respectively, and all experi-
ments were carried out under nitrogen atmosphere in 0.5 M H,SO, ata 50 mV/s scan
rate. BET surface area was estimated from nitrogen adsorption measured at 77 K
using a Quantachrome Autosorb-1 after degassing the samples at 150°C for 2 hrs.

The dispersion of Pt-SWNT's was filtered through a carbon fiber paper GDL coated
with a hydrophobic microporous layer (SGL-GDL 25BC) to form a thin film catalyst
support layer (CSL) with 0.03 mgp,/cm®. A cross sectional image is available in
Supplementary Information Figure $3. A SWNT-CSL (0.03 mgp,/cm?) without any
additional nafion on the SGL-GDL 25BC described above was used as the cathode/
anode for all fuel cell tests. The high Pt loaded anode CSLs made of carbon black were
prepared by sonicating 20% Pt-XC72 (E-Tek) and nafion (Ion Power Inc.) in water
and isopropanol and were sprayed onto a SGL-GDL 25BC until a loading of 0.2 mg
Pt/cm® was achieved and the nafion content was 35 wt% with respect to the total dry
weight of the ink. The Nafion membrane (DuPont NRE-212) was sandwiched
between anode and cathode (area of 5 cm?) by hot pressing at 140°C for 3 min at a
pressure of 40 Kg/cm? (Supplementary Information Figure S4). Hydrogen and oxy-
gen were used at the anode and cathode, with a flow rate of 0.2 SLM under a pressure
of 35 or 22 psig. Anode and cathode humidifier temperatures were held at 80°C and
the cell temperature was maintained at 70 or 80°C. Polarization curves were measured
on a University Model fuel cell test station (Fuel Cell Technologies, Inc.).
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