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Abstract
In situ small-angle x-ray scattering (SAXS) is used to investigate the electrochemical durability of Pt-Metal (Pt-M) catalysts sputtered
onto nitrogen-modified high surface area carbon powder. The results demonstrate that nitrogen modification promotes catalyst durability
through reduction of nanoparticle dissolution and coarsening. Although particle sizes of Pt-M on high surface area carbon supports
can be difficult to determine with transmission electron microscopy (TEM), a novel SAXS method has been employed to calculate particle
size. SAXS analysis shows that the Pt-M nanoparticle size distribution remained stable for 3000 electrochemical cycles after nitrogen
modification, whereas the unmodified support material leads to Pt-M nanoparticle instabilities. These results for industrial-relevant
catalyst/support architectures underscore the potential of nitrogen-modified carbon support structures for enhanced Pt-M catalyst
durability.

Heterogeneous catalysts often employ nanostructured materials
that are susceptible to deleterious morphological changes
during operation that reduce catalytic performance. Proton-
exchange membrane fuel cells (PEMFCs) typically use high
surface area carbon as a support material for metal nanoparticle
catalysts. Despite the many advances in PEMFC technology
over the past several decades, catalyst durability is still one of
the key hurdles preventing large-scale PEMFC commercializa-
tion. This major issue is one of the main causes for degradation
in fuel cell performance and is prevalent in both Pt and Pt-M
(M = Ru, Co, Ni, etc.) catalysts.[1]

Catalyst degradation over time results in a loss of current
due to several possible effects, including (i) changes in the
alloy composition and arrangement of the M atoms on the sur-
face, (ii) particle agglomeration via migration and coalescence
or modified Ostwald ripening and (iii) Pt and M atom dissol-
ution. These effects have led to considerable research focus
on the development of support materials that will improve cat-
alyst durability.[2–5]

Recently, many groups have indicated that nitrogen function-
alities are complicit in modifying the nucleation and growth of
nano-catalysts.[6–8] Similarly, it has also been hypothesized that
these nitrogen groups enhance the binding of catalyst to sup-
port.[9–12] These results have been demonstrated theoretically;

however, so far they have only been experimentally quantified
using simplified model catalyst/support systems.[12–16] Here,
we show a clear increase in Pt-M nano-catalyst durability on a
commercially relevant, high surface area nitrogen-modified car-
bon powder when compared with an otherwise identical unmo-
dified control powder. Furthermore, these results also confirm
the role of nitrogen in modifying the nucleation and growth of
Pt-M nano-catalysts. In this work we report results obtained
using in situ SAXS analysis during accelerated electrochemical
durability testing.

Powder catalyst samples were fabricated in a custom sputter
chamber[17] using a combination of ion implantation and sput-
tering. During an experiment a standard mass (500 mg) of com-
mercially available carbon powder (Cabbot Vulcan XCR72R)
was put into a rotating sample holder (rotating wheel), and
the chamber was evacuated to less than 5 × 10−6 Torr. Prior
to any implantation or sputtering the carbon powders were
out-gassed by heating to above 180 °C for 15 min. Nitrogen-
modified samples were fabricated by ion implantation, prior
to sputtering, at a pressure of 1 × 10−3 Torr (N2) using a 20
mA beam current, 55 V discharge voltage and 100 V accelera-
tion voltage for 90 min. XPS data contained in the
Supplementary information shows the increase in atomic con-
centration of nitrogen. The metal catalyst was introduced
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onto both unmodified and nitrogen-modified, out-gassed
samples by sputtering from an alloyed Pt0.50Ru0.50 target at
25 mTorr with 10 mol% O2:Ar at 45 W DC for 60 min.[17]

The electrodes were prepared by applying catalyst ink drop
wise to SGL Carbon 25BA gas diffusion backing. The inks
were prepared to produce electrode catalyst layers with 1:1 car-
bon:Nafion ratios and total metal loadings of ~5 mg.

In situ small-angle x-ray scattering (SAXS) was conducted
on beam line 1–4 (Fig. 1) of the Stanford Synchrotron
Radiation Lightsource (SSRL) at SLAC National Accelerator
Laboratory. Data were collected for 60 s at an incident photon
energy of 8.33 keV using a Rayonix 165 CCD detector. For
each electrode, data were collected every five electrochemical
cycles for the first 100 cycles, and then every 100 cycles at
the exact same location on the sample until the electrodes
were cycled 3000 times. Each cycle was from 0 to 800 mV
(versus reversible hydrogen electrode, RHE), at a sweep rate
of 200 mV/s in 0.1 M perchloric acid (GSF Chemicals,
Powell, OH) at room temperature. The cycling was completed
in a custom electrochemical cell made of polyether ether ketone
(PEEK), shown in Fig. 1(a). The x-ray path-length through the
liquid was 0.5 mm less the 4 μm-thick prolene windows
(Chemplex Industries, Palm City, FL). Examples of similar
cells have been demonstrated elsewhere.[18,19]

These data were then analyzed with the Igor Pro (v. 6.22,
Wavemetrics, Portland, OR) plug-in, Irena (v. 2.40). Collected
experimental intensities are shown in Figs. 2(a) and 2(b).

By subtracting the blank carbon backing data from the catalyst
spectrum of interest, and normalizing the background noise, a
proper comparison of the intensities could be made. This pro-
cess was completed for each sample shown here. The intensi-
ties were then modeled using the following equation by
means of the Irena software package for SAXS.[20]

I(Q) = |Dr|2
∫1
0
|F(Q, r)|2V 2(r)NP(r)dr, (1)

where Δρ is contrast, F(Q, r) is scattering form factor, V(r) is
the particle volume,N is the total number of scattering particles,
and P(r) is the probability of occurrence of scattering site size r.
In this experiment the probability was fit using a log-normal
distribution, shown in (2), adopted from the NIST engineering
statistics handbook:[21]

P(r) = 1

r −Min ∗ mean
����
2p

√ e
−ln x−mean

sdev( )2
2sdev2 . (2)

In this equation Min is the minimum diameter size, SD is the
standard deviation of the size distribution, and mean is the
mean diameter subtracted from the minimum particle size.
Figures 2(c) and 2(d) show the results of the model fitting in
terms of scattering diameters.

It has previously been shown that particle size and particle
size distribution estimated by transmission electron microscopy

Figure 1. (a) The design of the in situ electrochemical cell allowing for analysis of the same precise area on the electrode. (b) A schematic of SLAC’s beam line
1–4.
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(TEM), x-ray diffraction (XRD), and SAXS closely
match,[22,23] although TEM has been shown to sometimes over-
estimate particle size because measured particles can easily
contain several primary crystallites.[23] As can be seen from
the TEM images in Fig. 3, Pt-M nanoparticles obtained with
sputtering have different morphologies from those obtained
via other synthesis routes (i.e., colloidal deposition) and can
have many nanoparticles located in close proximity to each
other making estimation of the particle size challenging.
Regions of less-dense particle coverage indicate particle sizes
(~1–5 nm) within the range obtained by SAXS as shown in
Fig. 3. SAXS also allows for better statistics because the spot
size of the beam covers a larger, more comprehensive area,
while particle size analysis using TEM is limited to small num-
bers of nanoparticles.

In Fig. 2(c), SAXS scattering diameters for the pre-cycled
unmodified catalyst are shown. In general, the particle size dis-
tribution for this unmodified electrode shows a relatively wide
bi-modal range of particles from ~1.8 to 5 nm in size. The par-
ticles can be roughly divided into two Gaussian distributions
(as indicated on the plot): one distinct particle distribution at
~1.9 and another more broad distribution at 3.5 nm tailing
toward higher particle sizes. After in situ accelerated degra-
dation testing, the catalyst shows significant changes in particle
size distribution, Fig. 2(c) (red line). The changes are most
clearly seen in the increasing size and changing volume of
the 5 nm size distribution, indicating the formation of large
agglomerations. These agglomerates are likely caused by
migration/coalescence and modified Ostwald ripening mechan-
isms. The leftward shift on the small particle size end of the dis-
tribution, which occurs simultaneously with the appearance of

this peak change, is indicative of Ostwald ripening processes
occurring through dissolution/reprecipitation.

For the nitrogen-modified support, Fig. 2(d) shows the
initial particle distribution. Again two distinct particle sizes
are observed; however, there are marked differences from the
unmodified sample. The nitrogen-modified material shows a
much narrower, more distinct and slightly smaller set of particle
size distributions compared with the unmodified material
(initial mean particle sizes are ~1.5 and 2.7 nm). The narrower
widths and lower mean sizes associated with the bimodal Pt-M
particle distribution on the nitrogen-modified carbon support
are consistent with previous studies of Pt-M on carbon systems
that show smaller average particle size and narrower particle
size distributions for metal nanoparticles deposited on nitrogen-
modified surfaces compared with unmodified surfaces.[24]

These observations suggest that the nitrogen modification dra-
matically increases the ease of Pt-M nucleation on the carbon
surface, thereby leading to smaller average particle size and a
tighter particle size distribution.

After cycling, a small amount of particles near the 1.5 nm
distribution was dissolved in-solution, but at a much slower
rate than observed in the unmodified system. The absence of
significant changes to the 2.7 nm particle size peak is impor-
tant, indicating an improved binding interaction between the
catalyst and support. Furthermore, most of the changes in
the nitrogen-modified sample’s particle distribution occurs in
the first 100 electrochemical cycles, after which the distribution
stabilizes and remains virtually unchanged out to 3000 cycles.
This is in marked contrast to the unmodified sample, which
shows significant continued changes in particle size distri-
bution with increasing cycling, even out to 3000 cycles.

Figure 2. Modeled SAXS intensities shown with the collected experimental data for the unmodified (a) and nitrogen-modified (b) samples. The particle size
distributions extracted from the SAXS modeling at various cycling times are shown in (c) and (d) for the unmodified and nitrogen-modified samples,
respectively.
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These results suggest that nitrogen modification strongly miti-
gates the particle size growth observed in the unmodified
sample, which facilitates significantly longer catalyst lifetime
and increased catalyst performance over time due to the
increased retention of catalyst surface area.

Conclusions
In this work we have compared the durability of Pt-M nanopar-
ticle catalysts sputter deposited onto unmodified versus
nitrogen-modified carbon supports via in situ (accelerated
degradation testing) small-angle x-ray scattering. The results
showed that nitrogen modification significantly increases the
durability of the supported catalyst material over the course
of an ADT protocol involving 3000 electrochemical cycles.
This stabilization is achieved by a significant reduction in par-
ticle growth occurring through dissolution/redeposition and
migration/coalescence processes on the support surface. The
nitrogen modification also led to more desirable initial particle
size distributions compared with the unmodified carbon sup-
port because of a more tightly distributed range of particle
sizes in the optimal PEMFC catalyst size range between 1
and 4 nm. These results are of great significance in creating
PEMFC catalysts with high durability. A full journal article
containing electrochemical performance, SAXS, XRD and
TEM is currently under preparation to further investigate the
beneficial effect of nitrogen modified carbon supports.
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