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A B S T R A C T

Atomic layer deposition (ALD) of tungsten nitride (WN) enhanced the durability and activity of a carbon-sup-
ported Pt nanoparticle oxygen reduction reaction (ORR) catalyst by adding protective WN nanostructures to the
surface. A post-synthesis thermal treatment sequence of low-temperature oxidation followed by high-tempera-
ture reduction was carried out on the ALD-modified catalyst. The effects of the ALD process and thermal
treatment on the structure and electrochemical properties of the catalyst were examined. Characterization
through ICP-MS, STEM and EDS mapping, and X-ray diffraction showed that the ALD process deposited WN
homogenously across the surface. Thermal treatment resulted in a reduced amount of nitride on the surface and
produced separate Pt and W domains. The electrochemical performance of the catalysts is measured through
rotating disk electrode voltammetry. The thermally-treated ALD catalyst was observed to have a high mass
activity towards the ORR (465mA/mg), surpassing benchmark Pt/C (277mA/mg), and demonstrated superior
retention of electrochemical properties after an accelerated durability test. Analysis of particle size distributions
before and after durability testing also indicated that the mechanical stability of the Pt nanoparticles is enhanced
in the thermally-treated ALD catalyst compared to the uncoated materials.

1. Introduction

The development of sufficiently active, durable, and cost-effective
catalysts for the cathodic oxygen reduction reaction (ORR) is a major
bottleneck in the commercialization of polymer electrolyte membrane
fuel cells (PEMFCs) [1]. Conventional carbon-supported Pt nanoparticle
catalysts (Pt/C) can provide high surface areas and moderate activities;
however, these materials are prone to performance degradation during
fuel cell operation through Pt crystallite migration, electrochemical
Ostwald ripening, and carbon support corrosion [2,3]. As these de-
gradation pathways are promoted by voltage perturbations induced
during vehicle operation and the acidic environment of the PEMFC, it is
essential to develop durable catalysts that can withstand these harsh
operating conditions.

One promising approach to increasing the durability of Pt/C ORR
catalysts is the stabilization of Pt nanoparticles through the addition of
blocking structures, which are typically comprised of acid-stable metal
oxides that mitigate Pt migration and agglomeration. These may be
integrated during wet chemistry synthesis of catalyst [4–7] or added to
the particulate support material by atomic layer deposition (ALD) in a

post-synthesis step [8]. ALD is a self-limiting vapor-phase process that
offers atom-level control over the growth of metal oxide films or metal
nanoparticles by varying the number of surface reaction steps, or “cy-
cles” [9]. Protective layers deposited onto metal nanoparticle catalysts
for high-temperature reactions via ALD have been shown to preserve
activity and prevent thermally-induced sintering and loss of active
surface area [10–13]. ALD has also been shown to be a versatile tech-
nique for the synthesis and modification of ORR catalysts for PEMFCs
[14]. Recently, the addition of ALD metal oxide nanostructures, such as
ZrO2 [15], SnO2 [16], TiO2 [17,18], and nitrogen-doped Ta2O5 [19]
onto Pt/C ORR catalysts has shown great promise for improving re-
tention of electrochemical surface area (ECSA), activity, and Pt nano-
particle size retention over electrochemical durability testing. In addi-
tion to increased durability, the proximity of these ALD blocking
structures to the Pt may also enhance activity through beneficial metal
support interactions [6,15] or alloying effects after subsequent thermal
treatment [17,20]. Tungsten nitride (WN) has been previously in-
vestigated as both an ORR co-catalyst and support material with pro-
mising results [21,22], but has not been investigated as an ALD
blocking agent for Pt/C. The corrosion resistance of WN under acidic
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and oxidizing conditions, along with its potential synergistic effects on
Pt catalyst activity, make it an attractive candidate for stabilization of
Pt-based ORR catalysts.

In this work, we report modification of a catalyst synthesized in-
house through Pt-H2 ALD on a functionalized carbon black substrate
(ALD Pt/f-C) [23] with WN nanostructures. To our knowledge, this is
the first report of this particular ALD chemistry being applied to any
type of Pt/C ORR catalyst. The ALD Pt/f-C catalyst was selected for this
study because of the high amount of O-containing groups available on
the functionalized carbon, which facilitate enhanced ALD growth rates
over an unmodified carbon substrate. Ten cycles of WN ALD were ap-
plied to the Pt/f-C catalyst. This material was subsequently treated with
a 200 °C oxidation to remove residual Pt-H2 ALD ligands [17], followed
by a 725 °C anneal in 20% H2 to reduce deposited WN to metallic W. As-
prepared catalysts were examined through elemental analysis, X-ray
diffraction, and electron microscopy and the effects of WN ALD and
thermal treatment on electrochemical activity and durability were
characterized using rotating disk electrode (RDE) techniques.

2. Experimental

2.1. Catalyst synthesis

WN ALD structures were added to the ALD Pt/f-C catalyst using bis
(tert-butylimido)bis(dimethylamido)tungsten ((tBuN)2(Me2N)2W;
Strem) and ammonia (Sigma-Aldrich) as alternating reagents in a flui-
dized bed reactor. In a single ALD cycle, the (tBuN)2(Me2N)2W dose was
held for 13min, and the NH3 was held for 20min. Gases were purged
between half-cycles with UHP N2. The reactor and reactant bubbler
were held at 300 °C and 40 °C, respectively. This WN ALD process was
adapted from previous studies on flat substrates, [24,25] as it has never
been attempted in a fluidized bed setup. An in-line mass spectrometer
(Stanford Research Systems) was used to monitor gases exiting the re-
actor. Ten ALD cycles were deposited to produce catalyst 10WN. The
10 WN catalyst was subjected to a 200 °C oxidation in air for 3 h, fol-
lowed by a 725 °C anneal in 20% H2 with balance Ar for 3 h to produce
material 725 °C-10WN for further analysis.

2.2. Analytical characterization

ALD Pt/f-C and 10WN were analyzed for Pt and W content using
inductively coupled plasma mass spectroscopy (ICP-MS) after digestion
in an aqua regia/HF mixture. Bright field microscopy images of cata-
lysts before and after electrochemical durability testing were acquired
by depositing catalyst powder on carbon film 200 mesh copper grids
(Electron Microscopy Sciences) and examining under a TEM (FEI Tecnai
T12 Spirit). Particle size distributions were tabulated from these images
using ImageJ, in which Feret diameters were calculated from a total of
200 Pt nanoparticles taken from 3 separate areas of the catalyst. Feret
diameters initially and after durability testing were compared using a t-
test assuming unequal variance. Dark field and bright field microscopy
and energy dispersive X-ray spectroscopy (EDS) mapping are performed
on as-synthesized catalysts by depositing catalyst powder on carbon
film 200 mesh copper grids (Ted Pella) using a transmission electron
microscope (TEM) operated at 200 kV in scanning mode (FEI Talos
F200X). Powder x-ray diffraction (XRD) measurements were collected
using a Bruker D2 Phaser with a Cu source operating at 300W and a
Lynxeye 1D detector.

2.3. Electrochemical characterization

Ink dispersions were made from the catalyst powders using ultra-
pure water, isopropyl alcohol (Sigma-Aldrich), and 5% Nafion ionomer
(Sigma-Aldrich). After a 1 h sonication, a 10 μL aliquot of ink was drop-
coated onto a glassy carbon electrode and rotated at 700 rpm in an
inverted position on a RDE test stand (Pine). After drying, the working

electrode was submerged in an aqueous electrochemical cell (0.1M
HClO4) with a Pt coil counter electrode and regular hydrogen electrode
(RHE) reference. Data acquisition procedures followed those estab-
lished by Shinozaki, et al [26]. After a 100 cycle break-in (0.025–1.2 V
at 500mV s−1), cyclic voltammograms (CVs) were taken from 0.025 to
1.0 V at 10mV s−1 in an N2-purged cell with no rotation. The calculated
hydrogen under potential deposition (HUPD) charge from 0.06 to 0.4 V
was used to calculate the electrochemical surface area (ECSA). Polar-
ization curves were taken from 1.0 to −0.01 V at 20mV s−1 in an O2-
purged cell at 1600 rpm and the anodic scan is used for analysis.
Background curves were taken with the same parameters under N2 and
used to correct the polarization curves. Kinetic current (Ik) was de-
termined according to Eq. (1), using the current at 0.9 V (I) and the
mass-transfer limited current (Ilim), taken at 0.4 V. Mass activities
(im0.9V) were then calculated by normalizing Ik by the mass loading of
Pt on the electrode. ECSA and mass activity were calculated initially
and after an accelerated durability test (ADT) of 5000 voltage cycles
from 0.6 to 1.2 V at 100mV s−1 adapted from [16].

=
×

−

I I I
I Ik

lim

lim (1)

3. Results and discussion

A representative mass spectrometry trace during a single WN ALD
cycle is shown in Fig. 1. The emergence of signals corresponding to the
(tBuN)2(Me2N)2W fragments shown at ˜25min was indicative of sa-
turation of the available surface sites; therefore, the metal precursor
dose was ended upon the appearance of these fragments. The NH3 dose
shown at ˜65min was marked by a rapid rise in the same fragments due
to ligand composition (as detailed in [25]), and the dose was held for
20min. Elemental analysis with ICP-MS of the original and post-ALD
catalysts (Table 1) showed the addition of 6.33 wt% W after 10 ALD
cycles.

STEM images and corresponding EDS maps for 10WN and 725 °C-
10WN are shown in Fig. 2. EDS quantification values are listed in
Table 2. Additional images and EDS maps for 10WN, 200 °C-10 (the
intermediate stage of thermal treatment), and 725 °C-10WN are pro-
vided in Fig. SI1-4. Analysis of the 10WN EDS maps showed the
homogeneous presence of Pt, W, and N across the surface. The ALD Pt/
f-C surface was initially covered in dispersed 2–3 nm Pt nanoparticles;
the significant overlap between W and Pt in 10WN showed that, during
the ALD process, WN was deposited evenly throughout the Pt nano-
particles. The further overlap between N and W confirmed the presence
of a nitride species. The functionalized carbon substrate of ALD Pt/f-C
has previously been demonstrated to facilitate TiO2 ALD surface reac-
tions [17], as it provides O-terminated sites for nucleation and growth.

Fig. 1. Time-resolved mass spectrometry traces of m/z=28 (N2), 17 (NH3), 45,
and 57 ((tBuN)2(Me2N)2W fragments) during one WN ALD cycle.
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The f-C carbon substrate was similarly active towards the WN ALD
process performed here.

Thermal treatment at 725 °C under 20% H2/Ar induced a number of
structural changes in the catalyst. Coarsening of the Pt nanoparticles
following thermal treatment was apparent in the bright field images of
725 °C-10WN and corresponding Pt maps. Interestingly, it appeared
that W was also slightly agglomerated during thermal treatment, but
not to the same extent as Pt. The W map of 725 °C-10WN still showed
dispersed W across the surface, though its presence was reduced at the
edges of the carbon particles. The combined overlay of Pt and W
showed distinct W-rich areas (shown in red) present between the Pt
clusters (shown in blue) and less correlation between the positions of Pt
and W after thermal treatment than before. These results indicate that
the Pt and W species remained in mostly separate phases in the 725 °C-
10WN catalyst and the thermal treatment likely did not produce alloy
or intermetallic nanoparticles, as has often been observed with other Pt-
W nanoparticle catalysts synthesized by colloidal or galvanic replace-
ment methods [27,28]. A significant decrease in the presence of N
across the surface can be observed from 10WN to 725 °C-10WN in the
N+W maps in Fig. 2; this is also reflected by the decrease in N at% in
Table 2 between the two catalysts. The W:N atomic ratio of 10WN
increased from 0.3 to almost 1.9 after thermal treatment, which in-
dicates that the partial hydrogen atmosphere of the thermal treatment
significantly changed the stoichiometry of the WN nanostructures. This
process created a catalyst surface in 725 °C-10WN with more metallic
character but did not completely eliminate the presence of N.

All catalysts were probed with X-ray diffraction, and the results are
shown in Fig. 3, alongside normalized XRD patterns for Pt, W, and WN
[29,30]. The XRD pattern for ALD Pt/f-C catalyst showed broad Pt
peaks around 39° and 46°, with a broad amorphous carbon peak near
25°. The addition of 10WN ALD cycles did not result in any discernable
changes in the 10WN pattern. Though the presence of WN in this
catalyst was previously confirmed through ICP-MS and STEM-EDS, it is
possible that the quantity of WN on the surface was not large enough to
produce a distinct reflection during the XRD analysis. Additionally,
thermal ALD processes, such as the one followed here, are known to
deposit amorphous materials; thus, the WN present in the 10WN cat-
alyst was likely not crystalline and would not be expected to produce
large XRD peaks. Application of thermal treatment greatly increased the
sharpness and intensity of the Pt peaks in the 725 °C-10WN pattern.
This was attributed to the Pt coarsening observed in the bright field
images in Fig. 2. Also noteworthy is the relatively unchanged position
of the Pt peak at 39° after thermal treatment. This indicates that the Pt
lattice was not detectably compressed by the surrounding W on the

Table 1
Elemental content of ALD Pt/f-C and 10WN catalysts as determined by ICP-MS.

Pt wt% W wt%

ALD Pt/f-C 19.8 –
10WN 16.0 6.33

Fig. 2. Bright field STEM images and corresponding EDS overlays of elemental
maps showing the distribution of Pt, C, W, and N in 10WN and 725 °C-10WN
samples.

Table 2
EDS quantification of W, Pt, N, and C on an atomic basis.

W at% Pt at% N at% C at%

10WN 0.25 1.83 0.84 95.01
725 °C-10WN 0.73 1.68 0.39 95.83

Fig. 3. XRD patterns of all catalysts. Normalized XRD patterns for Pt, W, and
WN are shown below the data.
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surface, which supports the assertion that Pt and W remain primarily in
separate phases. The 725 °C-10WN pattern does not show any distinct
reflections for W, despite an increased presence of metallic W (as seen
in Fig. 2) and a high likelihood that any W/WN species would exist in a
crystalline phase by 725 °C. This may be due to insufficient quantities of
W for detection through this technique, or the presence of the primary
W peak at 40° may be obscured by the larger Pt reflection at 39°.

Electrochemical performance of the catalysts was assessed through
RDE voltammetry. Initial cyclic voltammograms (CVs) and polarization
curves for ALD Pt/f-C, 10WN, and 725 °C-10WN are shown in Fig. 4.
An apparent decrease in the magnitude of the Pt HUPD peak was ob-
served for 10WN and 725 °C-10WN as shown in Fig. 4(a). This de-
crease was likely due to Pt nanoparticle coarsening during ALD and
thermal treatment; however, ECSA values for these catalysts were ac-
tually greater than ALD Pt/f-C after accounting for changes in Pt con-
tent with the addition of ALD (see Fig. 5(a)). The CV for 725 °C-10WN
exhibited a sharply-defined peak in the more positive potential region
of the HUPD (0.2 – 0.3 V) that was not prominent in the other catalysts.
This peak is associated with strongly adsorbed hydrogen species on the
Pt(100) surface [31,32], and its emergence in the CV indicates that
thermal treatment and the resultant Pt nanoparticle coarsening exposed
more of this particular facet than was present in the initial catalysts.
The CV for 725 °C-10WN also showed a positive shift in the oxygen
adsorption/desorption peaks relative to the other catalysts, indicating
that oxygenated species do not bind as tightly to the 725 °C-10WN
catalyst sites. Finally, the 725 °C-10WN catalyst also exhibited the
lowest double layer capacitance contribution in its CV, likely due to the
elimination of any residual O-containing surface groups on the func-
tionalized carbon substrate during thermal treatment.

The initial polarization curves in Fig. 4(b) showed relatively similar

ORR performance for ALD Pt/f-C and 10WN, though 10WN was
slightly more active due to a more positive half-wave potential.
Thermal treatment resulted in a significantly more positive half-wave
potential as well as an increased limiting current for the 725 °C-10WN
catalyst. A portion of this catalytic enhancement (primarily, the in-
crease in limiting current) can be attributed to the removal of residual
Pt-H2 ALD ligands during the first phase of thermal treatment (200 °C
oxidation in air), as is shown in Fig. SI5. This behavior has previously
been observed for the ALD Pt/f-C catalyst [17]. However, the majority
of the increase in half-wave potential occurred after treatment of the
catalyst at 725 °C under 20% H2. An additional control experiment in
which the ALD Pt/f-C was exposed to similar conditions of 700 °C under
20% H2 (Fig. SI7; Table SI1) showed that thermal treatment alone was
not responsible for the full half-wave potential increase; the presence of
ALD-deposited tungsten species in 725 °C-10WN was essential for its
superior ORR performance. This indicates that the catalytic activity was
distinctly enhanced by the creation of W-rich nanostructures in close
proximity to the larger Pt nanoparticles of 725 °C-10WN, as observed in
Fig. 2. One potential cause for this enhancement may be the mod-
ification of adsorption strength of oxygen-based ORR intermediates via
synergistic interactions between the W/WN species and Pt. The pre-
viously-discussed CV results support the assertion that binding strength
of oxygenated species is weakened in 725 °C-10WN. Even though XRD
results do not indicate significant Pt lattice strain in 725 °C-10WN, it is
possible that a d-band shift was induced in Pt through strong electronic
ligand effects, which have been previously observed in Pt-W ORR cat-
alysts [27]. There are numerous other reports in the literature detailing
the catalytic influence of W-containing species in close proximity to Pt
for ORR [22,33,34], as well for other reactions, such as toluene hy-
drogenation [35]. It is also possible that excess nitrogen atoms (either
present on the N-rich surface after ALD or liberated from the WN) may
have been doped into the carbon support during the 725 °C treatment,
thereby leading to improved catalytic activity [36] regardless of the
relationship between the W and Pt species. Though the current results

Fig. 4. Initial cyclic voltammograms (a) and polarization curves (b) for all ALD
catalysts.

Fig. 5. Electrochemical surface areas (a) and mass activities (b) of all catalysts
initially and after a 5000 voltage cycle durability test (ADT).
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clearly document a substantial increase in ORR performance with ap-
plication of a thermal treatment, further characterization is required to
discern the precise nature of the observed catalytic enhancement in
725 °C-10WN and its causal factors.

The electrochemical durability of the catalysts was assessed using an
accelerated durability test; results of this analysis for ECSA and mass
activity are presented in Fig. 5. The performance of the ALD catalysts
was benchmarked against a commercial Pt/C (Premetek P10A200). All
catalysts were observed to lose ECSA over voltage cycling, with 725 °C-
10WN proving the most robust. Similarly, 725 °C-10WN had the best
performance in mass activity over the durability test, starting with the
highest value reported in the current study for any catalyst, 465mA/
mg, and retaining 55% of that over voltage cycling. The initial mass
activity of 725 °C-10WN was considerably higher than that of com-
mercial Pt/C, and its ADT value was on par with the initial activity of
Pt/C. The enhanced durability of this catalyst is likely due to the sta-
bilization of the Pt nanoparticles by nearby W/WN species on the
carbon substrate. At first glance, the ALD Pt/f-C appeared to have su-
perior retention of mass activity as a percentage of its initial value;
however, this does not comport with the catalyst’s observed ECSA loss.
The apparent mass activity retention of ALD Pt/f-C was previously es-
tablished to be an artifact of the residual Pt-H2 ALD ligands on its
surface [17] and is the result of simultaneous oxidation of the ligands

(activity increase) and Pt nanoparticle sintering (ECSA/activity de-
crease) during voltage cycling. Surprisingly, the 10WN catalyst ap-
peared to have the worst durability in regards to ECSA and mass ac-
tivity, despite the addition of 10 cycles of WN ALD. This indicates that
the as-deposited WN was not stable in the acidic environment under
voltage cycling (perhaps due to its as-deposited amorphous state), and
thermal treatment is necessary to realize any durability benefits from
the deposited materials.

In order to further analyze the effects of voltage cycling on Pt na-
noparticle stability, TEM images of the ALD Pt/f-C and 725 °C-10WN
catalysts were analyzed to generate particle size distributions initially
and after durability testing. Representative TEM images initially and
after durability testing are shown in Fig. 6, along with particle size
distributions for each catalyst. Additional TEM images are provided in
Figs. SI8 and SI9. Results of statistical analyses on the initial and ADT
particle size distributions are provided in Tables SI2 and SI3. A sig-
nificant shift, from a narrow initial distribution with a mean diameter
of 2.6 nm to a much wider distribution with a mean diameter of 7.0 nm
after the durability test, was shown for ALD Pt/f-C in Fig. 6. This is
reflective of the catalyst’s large ECSA loss and is the expected behavior
for unprotected Pt nanoparticles over voltage cycling. The initial dis-
tribution for 725 °C-10WN shown in Fig. 6 has a mean diameter of
6.3 nm, which shows that thermal treatment resulted in the

Fig. 6. TEM images for ALD Pt/f-C and 725 °C-10WN catalysts initially and after durability testing (ADT). Particle size distributions tabulated from multiple images
are shown below along with mean initial and ADT nanoparticle diameters.
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considerable growth of the Pt nanoparticles from their original size.
However, the durability test only resulted in a slight shift in the dis-
tribution, producing an ADT mean diameter of 7.4 nm. This change in
the particle size was also statistically significant, but considerably
smaller in magnitude than that observed for the unmodified catalyst.
Some of this improvement in particle size retention may be attributable
to the larger initial mean diameter for 725 °C-10WN, as larger particles
do not have as strong of a driving force to minimize surface energy and
will be less prone to coalescence. However, analysis of the particle size
distributions for commercial Pt/C (Fig. SI10), which had an initial mean
diameter of 5.3 nm—much closer to that of 725 °C-10WN—shows that
the Pt nanoparticles in 725 °C-10WN were more stable and retained a
smaller ADT mean diameter than Pt/C. In the control case of thermally-
treated ALD Pt/f-C (Fig. SI11), which also had a comparatively large
initial mean diameter of 4.8 nm, the unprotected nanoparticles ag-
glomerated to a greater extent than those of 725 °C-10WN did over
potential cycling. Taken together, these results provide further evidence
of the enhanced stability of the Pt nanoparticles in the 725 °C-10WN
catalyst. The most likely source of this enhanced stability was the steric
confinement provided by the stable W/WN nanostructures that were
shown to reside in close proximity to the Pt nanoparticles on this cat-
alyst. The presence of these structures likely inhibited migration and
coalescence of the Pt nanoparticles across the carbon surface over po-
tential cycling, though the structures did not appear to completely
eliminate nanoparticle coarsening. It is possible that other catalyst
degradation routes under voltage cycling, such as electrochemical
Ostwald ripening and carbon corrosion, remained active in the ALD-
modified catalysts due to the relatively small amount of W added after
10 ALD cycles. Taken alongside the electrochemical durability data
reported above, these results show that WN ALD and subsequent
thermal treatment greatly enhance the ORR activity and durability of a
previously unremarkable Pt/f-C catalyst.

4. Conclusions

Atomic layer deposition of WN and subsequent thermal treatment
were used to enhance the activity and durability of an ALD Pt/f-C
catalyst. It was observed that WN grew readily on the functionalized
carbon substrate during the ALD process, depositing 6.33 wt% W after
10 ALD cycles. The WN nanostructures were homogeneously dispersed
across the catalyst surface after ALD. Thermal treatment consisting of a
200 °C oxidation in air followed by a 725 °C treatment under 20% H2

was seen to result in coarsening of the Pt nanoparticles, while the W on
the surface remains dispersed and did not appear to form an alloyed
phase with Pt. However, thermal treatment did change the character of
the WN nanostructures by reducing the amount of N present, which
resulted in a more W-rich surface. The thermally-treated catalyst was
found to have vastly superior activity towards the ORR than both the
unmodified catalyst and the catalyst after 10 cycles of WN ALD; it also
outperformed a benchmark Pt/C catalyst. This was attributed to sy-
nergistic metal-support effects induced by the W/WN nanostructures’
proximity to the Pt nanoparticles. The thermally-treated catalyst also
exhibited superior electrochemical durability and retention of Pt na-
noparticle size over accelerated durability testing due to the stabilizing
effects of the W/WN structures. By examining the beneficial electro-
catalytic effects of an ALD chemistry previously untested for this ap-
plication, this work further demonstrates the utility of ALD in the
modification of Pt/C ORR catalysts.
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